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Loss-of-function mutations in CARD14 are
associated with a severe variant of atopic dermatitis
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NF-kB - nuclear factor kappa-light-chain-enhancer of activated B cells; AMPs - Antimicrobial peptides
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CAPSULE SUMMARY
Dominant gain-of-function mutations (DARD 14, encoding a known regulator of NdB, cause
psoriasis and related disorders. Here, the autfare that dominant negative mutations in the

same gene result in severe atopic dermatitis acetdsed NFB signaling.

Clinical Implications
While up-regulation of CARD14 leads to psoriasswd-regulation of the same molecule
results in atopic dermatitis and decreased leviedstomicrobial peptides which not only protect

the skin against infections but also regulate cetas inflammatory circuits.
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ABSTRACT

Background
Atopic dermatitis (AD) is a highly prevalent chronnflammatory skin disease which is known
to be, at least in part, genetically determinedtdlans inCARD14 have been shown to result in

various forms of psoriasis and related disorders.

Objective
We aimed to identify rare DNA variants conferringignificant risk for AD through genetic and

functional studies in a cohort of patients affectgth severe atopic dermatitis.

M ethods
Whole exome and direct gene sequencing, immunalhistuistry, real-time PCR, ELISA and

functional assays in human keratinocytes were used.

Results

In a cohort of individuals referred with severepatadermatitis, DNA sequencing revealed in 4
patients two rare heterozygous missense mutatm@ARD14 encoding the Caspase
Recruitment Domain-Containing Protein 14, a maggutator of NFkB. A dual luciferase
reporter assay demonstrated that both mutations @xi®minant loss-of-function effect and
result in decreased NkB signaling. Accordingly, immunohistochemistry siag showed
decreased expression of CARD14 in patient skinelsas decreased levels of activated p65, a
surrogate marker for NkB activity. CARD14-deficient or mutant-expressingr&tinocytes

displayed abnormal secretion of key mediators o&ia immunity.
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Conclusions
While dominant gain-of-function mutations @ARD14 are associated with psoriasis and related
diseases, loss-of-function mutations in the sanne gee associated with a severe variant of

atopic dermatitis.

KEYWORDS

Atopic dermatitis, psoriasis, CARD1MF-kB



82 INTRODUCTION
83
84  Atopic dermatitis (AD) is an extremely prevalensatider, very often manifesting initially in
85 infancy and childhood, and persisting in a minodtyffected individuals in adulthoddAD is
86 recognized as a prototypical multifactorial coratiti resulting from a combination of genetically
87 determined defects and environmental exposuresi@aiéy leading to skin barrier disruption
88  and both cutaneous and systemic immunologic dysfmt
89  Extensive attempts at delineating the genetic caobthe disease through genome wide
90 association studies have revealed a large numlsrsokptibility loci near genes affecting both
91  barrier function and immune regulation, most of ethcontain variations conferring a slight to
92 moderate risk for the disease ofilyA notable exception iELG, encoding filaggrin, in which
93  germline mutations have been shown to confer anlahy high risk for AD° Nonetheless,
94  although null mutations iRLG are considered as the strongest genetic riskriafdo AD, they
95 are found in less than half of the pati¢hts.fact, currently available genetic data seerarely
96  explain 25% of AD heritability.
97 As an alternative to genome wide association-bappdoaches, the study of rare instances of
98 quasi-monogenic inheritance of conditions usualherited as complex traits can often reveal
99  genetic variations exerting a strong effect onpti@pensity to develop complex trdiich as
100 allergy and atopic dermatitisThe description of dominant negative mutation€ARD11, a
101  structurally and functionally homologous gene€C®RD14, leading to severe atopic dermatifis,
102  following the description o€ARD11 variants identified as risk factors for commonpato
103  dermatitis in genome-wide association studfeemarkably illustrates the strengths of this
104  approach. Similarly, the role GARD14 in the pathogenesis of several inflammatory coodsi

105  was initially revealed through the study of rarmiléal cases of psoriasis and pityriasis rubra
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pilaris,*> *¥which later on led to the recognition ®ARD14 as a strong susceptibility gene in

sporadic forms of these disea$&¥’ Psoriasis-causing mutations@ARD14 were found to

exert a gain-of-function effect and to result inghtéened NF«B signaling® ** ’leading to the
production of pathogenic inflammatory mediatorsréj@e demonstrate that dominant loss-of-
function mutations itCARD14 result in an unusually severe form of AD, decrdd$E«B
signaling and concomitant dysregulation of criticaldate immunity-associated mediators

previously implicated in AD pathogenesis.

METHODS

Patients

All affected and healthy family members or thegdéguardian provided written and informed
consent according to protocols approved by thétinginal review board of the National
Institute of Health (NCT00557895, NCT00852943) ahthe Johns Hopkins All Children
Hospital (IRB00097062). Genomic DNA was extractexhf peripheral blood leukocytes of each
participant using the Gentra Puregene Blood Kia{@n, Hilden, Germany) according to the

manufacturer's instructions.

Whole exome sequencing

DNA samples obtained from individuals belongindamilies 1 and 3 were subjected to whole
exome sequencing using the lon Torrent AmpliSeq HR®@me Kit (Life Technologies) and the
lon Chef and Proton instruments (Life Technologi8sjefly, 100 ng gDNA was used as the
starting material for the AmpliSeq RDY Exome amipétion step following the manufacturer's

protocol. Library templates were clonally amplifiadd enriched using the lon Chef and the lon
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P1 Hi-Q Chef Kit (Chef package version IC.4.4.2fel Technologies), following the
manufacturer's protocol. Enriched, templated loheBg Particles were sequenced on the lon
Proton sequencer using the lon PI chip v3 (Lifelifedogies).

Reads were aligned to the Genome Reference Camsadrtuman Build 37 (GRCh37/hg19)
using Burrows-Wheelef Duplicate reads, resulting from PCR clonality ptical duplicates,
and reads mapping to multiple locations were exadudom downstream analysis. Reads
mapping to a region of known or detected insertmmdeletions were re-aligned to minimize
alignment errors. Single-nucleotide substitutiond amall insertion deletions were identified
and quality filtered using the Genome Analysis TKibl(GATK). '° Rare variants were
identified by ANNOVAR? and filtered using data from dbSNP142, the 1000dB®s Project,
HGMD, gnomAD, Ensemble, Exome Variant Server, améhahouse database of individual
exomes. Variants were classified by predicted jmat#ects using Polyphef2and SIFT*?
Validation and co-segregation of the disease plypeawvith the mutation were verified using
Sanger sequencing. For patient 1I-1, family 2,rgated 207 gene immune-related disease
clinical sequencing panel was performed by Invitaiag lllumina next-gen sequencing

technology.

Direct sequencing

Genomic DNA was PCR-amplified using oligonucleotpteamer pairs spanning relevant exon
sequenceslfable E1) with Taq polymerase (Qiagen, Hilden, Germany)clidg conditions

were as follows: 94°C, 2 min; 94°C, 40 sec; 61°Csdc; 72°C 50 sec, for 3 cycles, 94°C, 40 sec;
59°C, 40 sec; 72°C 50 sec, for 3 cycles, 94°C,e4057°C, 40 sec; 72°C 50 sec, for 34 cycles.
Gel-purified (QIAquick gel extraction kit, QIAGENilden, Germany) amplicons were

subjected to bidirectional DNA sequencing with BigDye terminator system on an ABI Prism
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3100 sequencer (Applied Biosystems, Foster City, NSA) using oligonucleotides used for

PCR.

Quantitativereal-time PCR

For quantitative real-time PCR (QRT-PCR), cDNA wsgathesized from 1000 ng of total RNA
using gScript kit (Quanta Biosciences, Gaitherspitig, USA). cDNA PCR amplification was
carried out with the PerfeCTa SYBR Green FastMiydta Biosciences, Gaithersburg, MD,
USA) on a StepOnePlus system (Applied Biosystenmafh&m, MA, USA) with gene-specific
intron-crossing oligonucleotide¥ dble E2). Cycling conditions were as follows: 95°C, 20 sec
and then 95°C, 3 sec; 60°C, 30 sec for 40 cyclashBample was analyzed in triplicates. For
each set of primers, standard curves were obtaitedserially diluted cDNAs. Results were

normalized taGAPDH mRNA levels.

I mmunohistochemical staining

Following antigen retrieval with 0.01M citrate beiff pH 6.0 (Invitrogen, Carlsbad, CA) in a
microwave for 25 min, blocking with hydrogen permifor 10 min and protein blocking for 40
min, 5um-thick paraffin-embedded sections fixed on ®Pllasg slides (MenzelGlazer,
Braunschweig, Germany) were processed using amaitkol immunostainer (Benchmark-XT,
Ventana Medical System, Tucson, AZ, USA) with pniynantibodies directed against hBD-1
(ab14425), hBD-2 (ab63982), hCCL20 (ab9829) (Abcaambridge, MA, USA)CARD14
(Novus Biologicals, Littleton, CO, USA) and theigated p65 subunit (Millipore, Billerica,
MA) as previously describéd Negative controls consisted of slides processeitbwmitting
the primary antibody. Visualization of the boundhgary antibodies was performed using the
HRP/AEC (ABC) Detection IHC Kit (Abcam, CambridgdA, USA). The sections were then
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counterstained with Gill's hematoxylin, dehydrated! mounted for microscopic examination.
Specimens were examined using a Nikon 501 micrascopnected to a DS-RI1 digital camera.

Immunohistochemistry staining intensity was quaedifusing ImageJ software.

Cell cultures

Primary keratinocytes were isolated from adult skatained from plastic surgery specimens
after having received written informed consent fritva donors according to a protocol reviewed
and approved by the Tel Aviv Sourasky Medical ceimstitutional review board as previously
described” Primary keratinocytes were maintained in KeratjgecGrowth Medium (KGM;
Lonza, Walkersville, MD, USA).

HEK293 cells were cultured in high-glucose DMEM g with 10% fetal calf serum, 1% L-

glutamine, and 1% penicillin/streptomycin (Biologlidndustries, Beit-Haemek, Israel).

SIRNA transfection

Primary human keratinocytes were grown in tripksain 6-well plates at 37°C in 5% ¢@ a
humidified incubator. After 5 days, keratinocyt¢$@-70% confluency were transfected with a
CARD14-specific SiRNA (sc-60330) or control siRNA-SteaRINAi Negative Control Duplex
(Invitrogen, Carlsbad, CA, USA). Efficacy of siRNAediated CARD14 down-regulation was

ascertained using real-time PCR and Western bigute E1).

NF-KB reporter assay
To examine the impact of ti@ARD14 variants on NFkB activation, we co-transfected
HEK293 cells (15,000 cells per well were seeded white flat bottom 96 wells microplate)

with a luciferase reporter under a IKB-responsive element, a Renilla expression vectdr a

10
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severalCARD14 cDNA constructs carrying either a wild-type sequesor theCARD14
mutations YCMV6-Entry Vector,Origene, Rockville, MD), using Lipofectamine200@¢carding
to the manufacturer’s protocol (Invitrogen, Carlgp@A). The mutations were introduced into
the CARD14 sequence by mutagenesis service (Genscript, Rigagt NJ) and validated by
Sanger sequencing. As a positive control, we usszhstruct encoding the gain-of-function
p.E138del variart as described previousty Twenty four hours after transfection, luciferase
activity was read using a dual luciferase assagniiéga, MD, USA). Luciferase activity was

normalized to Renilla luciferase activity.

Enzyme-linked immunosor bent assay (ELISA)

Primary keratinocytes were cultured in KGM (Lon¥é#alkersville, MD, USA) containing 0.075
mM CaCl supplemented with 0.4% bovine pituitary extract?e human epidermal growth
factor (hEGF), 0.1% insulin, 0.1% hydrocortisond &nl% gentamicin/amphotericin B.
Keratinocytes cells were seeded into 6-well or lB2gs, at 37°C in 5% COn a humidified
incubator, adhered overnight, washed, and incubaiitd<GM up to 70% confluency. Before
performing the experiment, cells were washed agshfmedium added without KGM
supplements. Cells were then transfected with eitbenanCARD 14 small interference RNAs
(siRNA) (Santa Cruz; sc-60330) or control sSiRNAg@th™ RNAI Negative Control Duplex,
Invitrogen) using Lipofectamine RNAiMax (Invitrogear with variousCARD14 constructs as
indicated in the legends to figures. The transbecthedium was replaced 6 hours after
transfection with the same minimal medium and #lisavere then maintained in growth
medium (KGM) without supplements for 48 hours. RGICL20 level measurements, the cells

were maintained after transfection in KGM withoytlhocortisone supplemented with 0.05%
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inactivated fetal bovine serum for 24 hours . Ték lgsates and media were collected, aliquoted
and kept at -80°C until analyzed using gRT-PCRIASA, respectively.

Protein levels of hBD-1, hBD-2, hLL-37, hCCL20 anfiLP secreted into the cell medium or
hIL-33 present in cell lysates (proteins were eoterd from cells lysates using Lysis Buffer 17
(R&D systems, cat # 895943) according to manufactsiinstructions) were measured using the
following ELISA kits: hBD-1 (PeproTech, Cat# 900-862), hBD-2 (PeproTech, Cat# 900-
K172), hLL-37 (Hycult Biotech, Cat# HK321), hCCLZR&D systems, Cat# DM3A00), hiL-33
(R&D systems, Cat# D3300B) and TSLP (R&D systena#@OTSLPO) according to
manufacturers’ instruction. Each experiment wasaggd at least 3 times and ELISA

measurements were done in duplicates.

Western blotting

Cells were homogenized in Cellytic MT lysis/extrantreagent (Sigma-Aldrich) supplemented
with protease inhibitor mix, including 1 mM phenythanesulphonylfluoride, and

1 mg/ml aprotinin and leupeptin (Sigma-Aldrich).llBwing centrifugation at 10,000 ¢ for

10 minutes at 4 °C, proteins were electrophordsemigh a 7.5% SDS-PAGE and transferred
onto a nitrocellulose membrane (BioTrace NT Nitthitese, Pall Corporation, Washington,
NY, USA). After blocking for 1 hour using 1 x TBS50 mM Tris, 150 mM NaCl, 0.01%
Tween 20) with 3% BSA, blots were incubated ovehiat 4 °C with a primary rabbit
polyclonal anti-CARD14 antibody (diluted 1:500; Brimtech, Rosemont, IL, USA). The blots
were washed 5 times for 5 min with 1 x TBST andd BSA. After incubation with a secondary
horseradish peroxidase-conjugated anti-rabbit adilfdiluted 1:5000; Sigma-Aldrich) and
subsequent washings (5 times 5 min each with 1 8T)Bproteins were detected using the EZ-

ECL chemiluminescence detection kit (Biological ustties). To compare the amount of protein
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loaded in the different samples, the blots werpraed using a mouse monoclonal antibody

against3-actin (Sigma-Aldrich).

RESULTS

Clinical findings

We studied three patients (the index patients framilies 1, 2, and JFigure 1, A) from a

cohort of patients referred to tertiary care cenfer severe atopic dermatitis. Clinical
information on all families is summarizedTable E3.

Patient 1 (Family 1, individual 1I-Figure 1, A) is a 14 year-old male of Hispanic ancestry who
developed very dry skin during the first year & land was diagnosed with atopic dermatitis.
His condition was controlled with topical agentsibage 9 when he developed recurrent skin
infections and bacterial abscesses requiring nelhipspitalizations. In addition, he had poorly
controlled moderate persistent asthma, food allargyallergic rhinitis. He had no significant
systemic non-cutaneous infections. Short statutlepaecocious puberty were thought to be
secondary to chronic steroid use. Aside for elel/&g& (>74,000 IU/mL) as well as marginally
elevated IgG (2000 mg/dL) with slightly low IgM (28g/dL), laboratory values were
unremarkable with normal lymphocyte subsets andipantibody titers. His family history

was remarkable for childhood atopic dermatitis veitiperinfection, asthma, and seasonal allergy
in his mother and mild AD in his father. He testejative foISTAT3 andDOCK8 mutations

(not shown). He failed oral cyclosporine, and npidtiregimens of oral corticosteroids but
improved with inpatient wet wrap therapy.

Patient 2 (Family 2, individual 1I-Figure 1, A) is a sporadic case in his family. Is a 17 yedr ol

Caucasian female with a lifelong history of atop@matitis beginning at 6 months of age and

13
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296

worsening during the adolescent years, which laddtiple hospitalizations. Atopic dermatitis
flares were complicated by skin infections. She foadl allergies, and moderate persistent
asthma which led to multiple hospitalizations dgmespiratory infection episodes, allergic
rhinitis requiring immunotherapy, alopecia secoydarsevere scalp involvement and vitiligo.
Immunological evaluation demonstrated intermittefdalv B cell counts and highly elevated IgE
levels (>50,000 IU/ml) which persisted despite ioy@ment of her skin condition. Specific
antibody responses to polysaccharide vaccine wareai, but titer persistence was short-lived.
T cell studies were normal. She had no family mstd atopy. Mycophenolate mofetil lead to
partial improvement and intravenous immunoglobutesulted in almost clear skin.

Patient 3 (Family 3, individual 1I-FEigure 1, A) is a 13 year old African-American female born
at term. Severe atopic dermatitis was diagnos&cabnths of age. The patient had also poorly
controlled moderate persistent asthma with multgplacerbations requiring hospitalization,
especially when secondary to upper respiratoryctidgas. At least 4 asthma exacerbations were
accompanied by symptoms and chest x-ray consisiémpneumonia, however, no infectious
organism was isolated and subsequent chest CT eavagah She was noted to have food allergy,
gastric esophageal reflux disease, non-traumatatures, retained primary teeth, viral skin
infections and and recurrent skin abscesses aawelktremity osteomyelitis likely secondary to
chronic subungual infections. Her laboratory workgs largely unremarkable aside from
markedly elevated IgE (5-13,000 IU/mL) and pneuntoeb antibody titers which varied from
low to normal without immunization. Her family hasyy was significant for atopic dermatitis in
her father associated with asthma, food allergyg bkils and respiratory tract infections. She has
3 maternal half-brothers with asthma, allergic itterand mild atopic dermatitis. Her disease
was resistant to multiple treatments including wedps, bleach baths, UVB therapy and

multiple courses of systemic steroids which resliteadrenal suppression.
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297  Mutation analysis

298  DNA samples obtained from the patients were subjetd deep sequencing. Putative pathogenic
299 changes were validated in the patients and rekfreen whom material was available using
300 Sanger sequencing (s€able E4 for list of rare variations found in the WES arsady.

301 Individual 1I-1 from family 1 and individual 1I-1rbm family 2 were found to carry the same
302 heterozygous missense mutatiorCRD14 (c.1778T>C, p.1593T), whereas individual 11-1
303 from family 3 was found to carry a different heteygous missense mutation (c.2209A>C,
304 p.N737H) Figure 2, A) . The two mutations result in single amino aeidstitutions Figure 2,
305 B), are extremely rare, affect highly conservedd@ss and are foreseen to be pathogenic by
306  various prediction algorithmd @ble E5). The mutations were found to segregate with tbhpia
307 phenotype in family 1 and Figure 1, A) although the phenotype of the mother of the pndba
308 in family 1 was less severBifure 1, A; Table E3).

309

310 Atopic dermatitis-associated mutationsin CARD14 exert a dominant-negative effect and

311  impair NF-KB activation

312  The two mutations are located in the structural FEM3-GUK module, also known as

313 membrane-associated GUK (MAGUK) domakidure 2, B). This domain is essential for

314 proper CARD14 functioA? which suggests that the mutations may affect CARExpacity to
315  regulate NFkB signaling® We therefore used a NKB luciferase reporter system as previously
316  described? Briefly, we co-transfected HEK293 cells with a MB-luciferase reporter plasmid
317  and with aCARD14-wild-type expression vector, or the same vectoryaag either of the two
318 CARD14 atopic dermatitis-associated mutations. Both momatsignificantly attenuated the
319  ability of CARD14 to activate NiB (Figure 3, A). Co-transfection of equal quantities of

320 mutant and wild-typ€ARD 14 expression vectors led to impaired luciferasevdagtihen

15



321 compared to that measured after transfection o$ainee quantity of wild-type vector alone,
322 showing that the loss-of-function variants exetltbaninant-negative effeck{gure E2)

323  Gain-of-function mutations iIRARD14 result in increased expression of both CARD 14fitssd
324  activated p65 (a surrogate marker for dB-activity) in the skin of patients with psoriasisd

325  pityriasis rubra pilari¢? **We therefore hypothesized that loss-of-functiortations in the

326 same gene should lead to the reverse phenotype jpatients with severe atopic dermatitis.
327 Indeed, we found a significant decrease in theesgion of both CARD14 and the activated p65
328  subunit of NFkB, compared with healthy controlSigure 3, B, C).

329

330 CARD214 loss-of-function impairs epider mal secretion of antimicrobial peptides and

331  hCCL20

332 The pathogenesis of atopic disease causé@iAiRP11 dominant negative mutations both in
333  human$®and in mic& is likely due to marked defects in the hematopoigtsues where it is
334  mostly expressed. Conversely, CARD14 expressitargely confined to epidermal ceffs.

335 CARD14 is a major regulator of NiB and NFkB signaling is known to regulate innate

336  immunity which in turn has been implicated in the¢ghmgenesis of inflammatory skin disea%es.
337  We therefore used RNAI to down-regul&@ARD14 in keratinocytes or transfected wild type or
338 mutantCARD14 expression vectors in keratinocytes, and then eeththe expression of

339  pivotal mediators of innate immunity in human prisnkeratinocytes. Keratinocytes with

340 reduced CARD14 expression expressed significaaly hBD1, hBD2 and hCCL20 than

341  keratinocytes transfected with control siRNA at pinetein level Figure 4, A) as well as at the
342 RNA level Figure E3). Moreover, keratinocytes expressing mutant CARBI&4 released

343  significantly less hBD1, hBD2 and hCCL2Bigure 4, B). LL37 levels remained unchanged in

344  both sets of experimentBifure 4). Accordingly, hBD1, hBD2 and hCCL20 expressiorswa
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markedly reduced in the epidermis of a patientyoagra loss-of-functiofCARD14 mutation as
compared with healthy controls or psoriasis pasigritgur e 5). Of note, no significant changes
were seen in the expression levels of IL-33 andA BlLkeratinocytes transfected with mutant
CARD14, suggesting that the pathogenesis of tleegil inflammation is not primarily driven

by these epithelium-produced, AD-related protekigyre E4).

DISCUSSION

In the present study, we demonstrate the presdri@nanant-negative, loss-of-function
mutations inCARD14 in three patients with unusually severe AD. CARD&4 recently
emerged as a major player in psoriasis as weli@sdlated disorder, pityriasis rubra pildfis:
In contrast with the dichotomist approach to tHatrenship between psoriasis and AD which
was prevalent in the paStmore recent studies have highlighted overlappath@nechanisms
in those two conditions, which mostly involve elentsetraditionally associated with adaptive
immune responsé.?° For example, the Thpathway has been implicated in the pathogenesis
of both diseasé$ the Th; axis plays a major role in the pathogenesis ofiasis™, while its

role has also been documented in a number of ABetslincluding AD in patients of Asian
origin, pediatric AD and intrinsic AB* **The fact that only some forms of AD are (at léast
part) Th-driven may explain the lack of uniform responsébfto Th~targeting treatment:
3" The combination of these common pathomechanistisatlier and unique alterations in
other signaling systems has been proposed to ealgntesult in different AD endotypes or
disease phenotypes (e.g. AD and psorig&igj.

Along with adaptive immunity defects, AD patienenabnstrate a wide range of abnormalities

related to the secretion of central epidermal mfiaatory mediators. Although some studies

17



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

have demonstrated increased expression of sommiarbial peptides (AMPS) in the skin of
AD*® most studies show that while AMPs are abundapsariasis, they seem to be present in
contrast in very low amounts in AD, which may explde susceptibility of individuals with AD
to skin microbial infectiond® “°as also seen in our patientBale E3).

Although Th-associated cytokines may modulate the expres$iBiM®s in AD,** **the

regulation of the secretion of these inflammatolgdmators, has also been shown to be under the
direct regulation of CARD1#> **Indeed, CARD14 increased activity was found to be
associated with elevated AMPs levéfsHere, we found that down-regulation of CARD14 fed
decreased expression of two key AMPs that werefalsad to be less expressed in patient skin
(Figureb).

AD is considered to result from a combination ofrionological abnormalities and epidermal
defects, eventually leading to infections and gltereactions. AMP deficiency may not only
underlie infectious complications displayed by A&tipnts, but could also contribute to other
aspects of AD pathogenesis including impaired epdébarrier function and mucosal surface
immunity. Indeed, AMPs, in addition to their antiberial and antiviral properties, seem to play
an important role in connecting innate and adaptivaune responses as well as in regulating
keratinocyte proliferation and differentiatién?® Whether the inflammatory disease seen in the
respiratory tracts of our patients also reflectsRAlvhpairment, as opposed to the product of the
atopic march alone, is a matter for further studieslid not affect LL-37 expression in spite of
the fact that NF-kB has been shown to regulate ELThis may be due to the fact LL-37
expression can be induced through alternative pate

hCCL20 expression was also found to be decreas€diRD14-deficient keratinocytes as well

as in keratinocytes cells expressing CARD14 los#oftion mutations, which is consistent

with the fact that hCCL20 expression is increasekkeratinocytes exhibiting increased CARD14
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expressiolf Some reports have shown that hCCL20 expressieleigted in the serum and skin
of AD patients’, but most other studies have shown hCCL20 to Kieielet in AD patients.
Since hCCL20 displays antiviral activity, hCCL2dideency may underlie the susceptibility of
AD patients to herpes and pox virus&és3More importantly, hCCL20 seems to play an
important role in triggering the recruitment of fctive inflammatory cells to a compromised
epidermis’? The decreased expression of this and other infaimm mediators in the context of
severe atopic dermatitis seen in these patientsde® a potential model to dissect the primary
roles of global inflammatory mediators in psorieaigl some endotypes of AD. How do these
heterozygou€ARD14 mutations interfere with normal signaling is arportant topic for future
research. The CARD14 homolog, CARD11, is known totimerize with activatior; thus,
CARD14 deleterious mutations could render heteromultinreg8icient in inducing MALT1
protease activity. Alternatively, CARD14 activityaybe dependent upon different signaling
mechanism in keratinocytes than those seen in lpayibs for CARD11.

It is of interest to note that the CARD14-/- miaernbt develop spontaneous atopic dermatitis.
Besides inherent dissimilarities in keratinocyteldgy in mice and in humans, the lack of
triggering microbial exposures may underlie thesgeovations— as was observed in the Relb-/-
or Trim32 -/- models which required viral or vigoduct exposure to induce AD >’ These
studies, as well as others pointing towards a tideeing effect of abnormal microbial
colonization on AD-related inflammatifi°, provide a potential explanation for variable
penetrance o€ARD14 mutations, and suggest that the lack of host defgenes alone can, in
combination with microbial exposure, result in AiRel phenotypes.

In summary, we have identified germline mutatian€ARD14 in patients with severe atopic

dermatitis, resulting in decreased MB-activity and secretion of AMPs. These data exhed
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spectrum of CARD14-associated phenotypes and shedight on the partially overlapping but

also distinct pathophysiologic mechanisms undeglyid and psoriasis.
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FIGURE LEGENDS

FIG 1. Clinical and histopathological features. (A) Pedigrees of the three families. Black
symbols indicate severe AD; wild-type and mutalgles are denoted as — and +, respectively.
Individual 1I-1, family 1, presented with (B) erytiderma with fine scales involving more than
90% of his body surface area, (C) and prominestifing and accentuation of the skin folds; (D)
Histopathological examination of a skin biopsy afed from this individual’'s leg reveals
parakeratosis, hypogranulosis, prominent spongiasanthosis and psoriasiform epidermal
hyperplasia, associated with occasional lymphoeyteytosis and a perivascular mild

lymphocytic infiltrate.

FIG 2. Mutation analysis. (A) Direct sequencing d€ARD14 revealed a heterozygous T>C
transition (arrow) at position ¢.1778 of the cDN&gaence in individual II-1, family 1 (upper
left panel) as well as a heterozygous A>C transmer@rrow) at position ¢.2209 of the cDNA
sequence in individual II-1, family 3 (upper rigianel). The wild type sequences (WT/WT) are
given for comparison (lower panels); (B) The logcatof the two mutations is depicted along a

schematic representation of the CARD14 proteinitsaxdomains.

FIG 3. Consequences of AD-associated mutationsin CARD14. (A) HEK293 cells were co-
transfected with a NkB-responsive luciferase reporter gene and plasexggessing either
wildtype CARD14 cDNA or CARD14 cDNA harboring p.I39 or p.N737H mutations.
Luciferase activity was measured after 24 hoursramchalized to Renilla luciferase. Results
represent the mean of 3 independent experimentnédard error (two sided t-test; ***p<0.001);
(B) Skin biopsies obtained from the thigh of indival II-1, family 1, and from a healthy control
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were stained for CARD14 or for activated p65 (stees = 10Qum, counterstaining with
hematoxylin). (C) Immunohistochemistry stainingeimsity was quantified using ImageJ

software (two sided t-test, ***p<0.001 ).

FIG 4. Inflammatory gene expression in CARD14-deficient keratinocytesand CARD14 loss

of function mutations. (A) Keratinocytes were transfected WitARD 14-specific SIRNA or

with control siRNA. The protein levels of hBD-1, BB, LL-37 and hCCL20 secreted into the
culture medium were measured using ELISA assaysrdiog to manufacturer’s instructions.
Results are expressed as percentage of proteirssipn levels relative to expression in control
siRNA-transfected samples + standard error; (BaKeocytes were transfected with wild-type
(WT) or mutantCARD14 (p.1593T or p.N737H) complementary DNA (cDNA) ctnusts and
then maintained in growth medium (KGM) without slgypents for 48 hours or for 24 hour in
the case of hCCL20. The protein levels of hBD-1DRB hLL-37, and hCCL20 secreted into the
culture medium were measured using ELISA assaysrdiog to manufacturer’s instructions.
Results are expressed as percentage of proteiasstpn levels relative to expression in
wildtype CARD14-transfected samples + standardrerResults represent the mean of at least

three independent experiments (two sided t-tgwst)?05, **p<0.01, ***p<0.005).

FIG 5. hCCL 20, hBD-1 and hBD-2 expression in skin biopsies. Skin biopsies obtained from
the thigh of individual 11-1, family 1, from a hehl/ control and a psoriasis patient were stained
for hCCL20, hBD-1 and hBD-2 (scale bars = 100,). Inmunohistochemistry staining intensity

was quantified using ImageJ software (right pan@e) sided t-test: ***p<0.001).
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Supplementary Table E1. Oligonucleotides used to sequence CARD14

Exons Forward oligonucleotide sequence | Reverse oligonucleotide sequence pFo);F:Jecgtt?ze
(bp)
2 TTAAAACGGTGTCACCCTG ACAGGACGAGAAGAGACCCC 404
3 CGATTCTTACATGTGCGGG GGCACCTGGGGTTACCAG 331
4 ACCTGCTCACCTACCCACC GACAAGGAAGAGGGGAAAGG 506
5 TTAGGTGAACCCTTTCGTGG ACCTGTCAGAAACCCCACAG 402
6 AAGACTGCATCCGTCCACAC ATCTGGCTTCCCCACAGAC 320
7 AACTGTCTCCCTCCCTCCAC GAGACTGTCCCCGGAACC 303
8 GGCTAGAAACAGGGCTCTCC CTGGAGCCCAGCTCTGTC 308
9 ACCTGGTAGAAACTCCACGG CAGGGAAGAGGTTGGTACGA 315
10-11 CTGTGGCTCTCTCTACACCG TTCTATCTGCCCTTTCCCTG 659
12-13 GATCTGTGAAGAAGGGGCTG GTGAAGTCTGCCTGGGTCACQ 671
14 GTGCAGGCAGTGGTCCTAC AACCACCAGGGACTTAAGGG 323
15 ATTTTCTGCAACCTTCCTCG CCACGCCCACCCTCTATTG 419
16 ACTCTCCCCTGCTCGGC ACTCTCCACACAGTGCCTC(C 237
17 ATCATCTCCCCTGAATTCCC ACTAGCAGCAGCTCCCAAAG 263
18 AGCAAAGCAGACCCAGTCC GGGGAGGGAAGGAGGAG 364
19 GGGGACAGGGGTGTTTACC AGGTCACCCAGGTCTCAGG 315
20 CTTCTGACCTGGGCGTTG CAAACCGCAGAGCACACTC 294

21

TGTTTAGGGGTGTTTGGGTG

CTGGGCTGAGGAACAGGAC

382




Supplementary Table E2. Oligonucleotides used to perform qRT-PCR.

Expected
Gene Forward oligonucleotide sequence Rever se oligonucleotide sequence product size
(bp)
CARD14 | AGGCAGGTGTTCGAGCTG GGTCCTGGCTTCCTGCTT 102
DEFB1 GGAGGGCAATGTCTCTATTCTG TCATTTCACTTCTGCGTCATTTC 127
DEFB2 TTAAGGCAGGTAACAGGATCGC TCCTCTTCTCGTTCCTCTTCATATTC 3B
CAMP TGTGCTTCGTGCTATAGATGG GCACACTGTCTCCTTCACTG 145
CCL20 GGTGAAATATATTGTGCGTCTCC ACTAAACCCTCCATGATGTGC 148
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAGCC 185




Supplementary Table E3. Clinical features of family 1-3 members

. . Pyogenic |, . . |Respiratory
Patient g:niltjme d;\tn?gt'ﬁis /?Lli:i?ilg Asthma aIFI?;d skin mfr;i(rl; tract | SCORAD | Others
yp 9y infections infections
Fam. 1: -1 WT/WT +** + + - + - - NA* -
Fam. 1: -2 | WT/I593T ++ ++ ++ ++ ++ - + NA -
Short stature
precocious
Fam. 1: 1I-1| WT/I593T +++ ++ ++ ++ +++ + - 67 |puberty ue ta
chronic oral
steroid use ?
Fam. 2: I-1 Unknown - - - - - - - - B
Fam. 2: |-2 WT/WT - - - - - - B - -
Vitiligo,
Fam. 2:1I-1| WT/I593T +++ - ++ + +++ + - 60-70 9 .
alopecia
Fam. 3:1-1 | WT/N737H +++ + + + ++ - - NA -
Fam. 3: 1-2 WT/WT - - - - - - - - -
Fam. 3: 1-3 unknown - - - - - - - - -
Fam. 3: 1-4 unknown - - - - - - - - B
Extremity
osteomyelitis
recurrent
paronychia,
Fam. 3: 1I-1 | WT/N737H +++ - ++ +++ +++ +++ +++ 627 ’
non-traumatia
fracture and
retained
primary teeth
Fam. 3: 1I-2 unknown + + + - - - - NA -
Fam. 3: 11-3 unknown + + + - - - + NA -
Fam. 3: 1l-4 unknown - - + + - - - - R

* NA, not available

** + mild; ++, moderate; +++, severe



Supplementary Table E4. Rareimmune-related variations found through WES analysis

Genotyping
Gene Chromosome Position Re;elr elegce Altzlrlrélagive MAF F"’Ilrlr_“ll: F"’Il:r_"l&
JAKL 1 65321300 G A 4.16E-05 GIA GIG
BEND3 6 107391391 A G 0 AIG AIA
IKZE1 7 50467806 G A 0 GIA GIG
DOCKS 9 368288 GT AC 0 GT/IAC | GT/GT
SLC29A3 10 73115941 TG CA 0 CAICA | TGITG
PSMAS 14 58737688 c 8.52E-06 e Al
CARD14 17 78172317 T c 4.978E-06 TIC T
SON 21 34922824 GC G 0 GCIG GCIGC
TLRS X 12937536 A c 0 AIC AIA
NOD2 16 50733636 T C 0 TT T/C
PLCG2 16 81973641 A G 4.14E-05 AIA AIG
CARD14 17 78176209 A C 8.741E-05 AJA AIC
G6PC! 17 4214852 A C 0.000: AIA AIC
TREX2 X 152710624 G A 0.0003 G/G G/A




Supplementary Table E5. Bioinfor matics analysis of CARD14 mutations

Mutation | Polyphen2 SIFT Consurf M utation SNAP® Allele
(range0-1) | (range1-0)° | (range1-9)° | Taster® frequency’

Disease

p.1593T 0.999 0.5 9 Pathogenic 4.078e-6
causing
Disease

p.N737H 0.993 0.01 8 Pathogenic 8.741e-5
causing

2 http://genetics.bwh.harvard.edu/pph2/index.shtml

® http://sift.jcvi.org/ww/SIFT_enst_submit.html
® http://consurf.tau.ac.il/201%/
¢ http://www.mutationtaster.org/index.htnl
® https://www.rostlab.org/services/SNAP/

" http://gnomad.broadinstitute.org/gene/ENSG00008271




Supplementary figureslegends

Supplementary Figure E1: SRNA-mediated down-regulation of CARD14. Keratinocytes
were transfected witBARD14-specific SIRNA (siCARD14) or with control siRNAi(ontrol)
and then maintained in growth medium (KGM) for 48i1fs.(A) CARD14 mRNA expression
was ascertained using qRT-PCR. Results represemiéian of 3 independent experiments and
are expressed as percentage of gene expressiamary keratinocytes cells transfected with
CARD14-specific SiRNA (siCARD14) relative to gene expieasn siRNA control (siControl)-
transfected cells + standard error (two sidedtt-t&§<0.001). Results are normalized to
GAPDH RNA levels. (B) CARD14 protein expression was asieed using

immunoblotting with an anti-CARD14 antibody (CARD18-actin (ACTIN) served as a

loading control.

Supplementary Figure E2: Dominant negative effect of AD-associated mutationsin CARD14.
HEK293 cells were co-transfected with a NB-responsive luciferase reporter and a combinaifaan
empty vector or the same vector carrying eithemite type CARD14 cDNA sequence or tHeARD14
cDNA sequencéarboring mutations p.1593T or p.N737H. The amafrdach expression vector used in
each combination is given below the graph. Thd toteount of transfected DNA was kept at 50 ng.
Luciferase activity was measured 24 hours aftersfiection and normalized to Renilla luciferase\éisti
Results represent the mean of 3 independent expetsm standard deviation . Results were statistica
tested against luciferase activity recorded upangfection of 50 ng of wild typ€ARD14 cDNA
(asterisk) or against luciferase activity recordpdn transfection of 25 ng of wild ty@ARD14 cDNA

and 25 ng of non empty vector DNA (pound sign) ¢siged t-test; ### p< 0.001, ***p<0.001).



Supplementary Figure E3: Inflammatory gene expression in CARD14-deficient

keratinocytes. Keratinocytes were transfected WitARD 14-specific SiRNA or with control
siRNA and then maintained in growth medium (KGMjhoiut supplements for 48 hours. Real-
time PCR analysis was used to assess RNA expresSiRiaFB1 encoding hBD-1DEFB2
encoding hBD-2CAMP encoding LL-37 an€CCL20 encoding hCCL20. Results are expressed
as percentage of RNA expression relative to expmess control siRNA-transfected samples +
standard error. Results represent the mean of thdependent experiments (two sided t-test;

*p<0.05, **p<0.001, ***p<0.0001).

Supplementary Figure E4: 1L-33 and TSL P expression in keratinocytes expressing

CARD14 loss of function mutations. Keratinocytes were transfected with wild-type (W\F)
mutant CARD14 (p.1593T or p.N737H) complementaryM{¢DNA) constructs and then
maintained in growth medium (KGM) without supplensefor 48 hours. The protein levels of
TSLP secreted into the culture medium or IL-33efl lysate were measured using ELISA
assays according to manufacturer’s instructionsuReare expressed as percentage of protein
expression levels relative to expression in wilétgpARD14-transfected samples + standard

error. Results represent the mean of three inadbp#rexperiments.
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