
Letter to the Editor
DEF6 deficiency, a mendelian suscep-
tibility to EBV infection, lymphoma,
and autoimmunity
To the Editor:
DEF6/IBP/SLAT is a specific guanine nucleotide exchange

factor for the Rho GTPase Cdc42 and Rac1. DEF6 is involved in
T-cell receptor (TCR) signaling through its recruitment to the
immune synapse.1Def6-deficient mice develop inflammation and
autoimmunity symptoms and show variable immune defects,
including abnormalities in TH cell differentiation, T-cell expan-
sion, and germinal center formation.2,3 Recently, Serwas et al4

identified DEF6 homozygous missense mutations in 3 patients
from 2 families presenting with variable phenotypes, including
recurrent infections and autoimmunity/autoinflammation signs
with severe digestive and cardiac involvement. However, 2
of the 3 patients were also carrying a predicted pathogenic
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TABLE I. Clinical phenotypes and immunologic parameters of patients with DEF6 homozygous mutations

Patient (Pt) Pt 1 Pt 2 Pt 3 Pt 4 Pt 3** Pt 1.1** Pt 1.2**

Homozygous mutations

DEF6 p.Q31* p.Q314* p.Q314* p.Q314* p.Y210D p.E331K p.E331K

Other genes SKIV2L

p.Q1010fs*15

SKIV2L

p.Q1010fs*15

DEF6

protein expression

Strongly

decreased

Strongly

decreased

Strongly

decreased

NA Strongly

decreased

Slight

reduction

NA

Age at onset 16 y 10 y 12 y 17 mo 7 mo <1 mo <1 mo

Ethnicity Moroccan Moroccan Moroccan Moroccan Iraqi Pakistani Pakistani

Extrahematologic

manifestations

Absent Absent Absent Absent Absent IUGR

Microcephaly

Cardiac

defect

IUGR

Microcephaly

Cardiac defect

Liver failure

Recurrent and/or

persistent infections

EBV EBV EBV CMV� (PCR-

positive, 1

episode)

CMV� (PCR-

positive,

1 episode)

Bacterial

sepsis

Respiratory

viruses

Bacterial

sepsis

EBV virus load (log) 4.5 5.2 5 Neg NM NM NM

EBV serology IgG VCA1

EBNA–
IgG VCA1

EBNA–
IgG VCA1

EBNA1
Neg Neg at

diagnosis

NM NM

Immune

manifestations

Rheumatoid

purpura

(1 episode)

Cervical

lymphadenopathy

EBV-positive

Hodgkin lymphoma

EBV-positive

lymphoproliferations

Recurrent

fever

Tenosynovitis

Arthritis

Severe AIHA Severe

AIHA

Severe

watery

diarrhea

Liver

failure

Immuno

phenotyping

Inverted CD41/

CD81 T-cell

ratio

Yes Yes Yes No No No No

Diminution

of naive

CD4 T cells

(CD311

CD45RA1/CD41)

Yes Yes Yes Yes Yes

(for CD3)

Yes

(for CD3)

Yes

(for CD3)

Excess of activated

CD81 T cells (DR1/

CD81)

Yes Yes Yes Yes NM NM NM

Treg proportion

(CD127lowCD251/

CD41)

Normal Slightly increased Normal Increased Slightly

reduced

Slightly

reduced

NA

Memory Treg/unstimu-

lated naive T conv

Decreased Decreased Decreased Decreased Decreased Normal NA

Excess >2% of

FOXP31CD25CD41

T cells

Yes Yes Yes NA NM NM NM

Type 1 interferon

signature

Neg Positive Positive NA NM NM NM

Autoantibodies No Anti-CaSR ANCA Direct

Coombs

test

Direct

Coombs

test

ANCA

Cardiolipin

b2-GP

NA

Immunoglobulins (IgG,

IgA, IgM)

Normal Normal Normal Normal� Normal Decreased

IgG

Normal

Vaccination responses

(diphtheria, tetanus)

Variable Normal Normal NA NA Decreased NA

AIHA, Autoimmune hemolytic anemia; ANCA, antineutrophil cytoplasmic antibodies; IUGR, intrauterine growth retardation ; NA, not assessed; Neg, negative; NM, not mentioned.

**Patients previously reported by Serwas et al.4

�Before immunosuppressive therapy.

�Positive PCR result at onset of AIHA.
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cell blasts from patients or when the DEF6Q314* mutant was tran-
siently expressed in HEK 293 cells either without or with an N-ter-
minal DYK-tagged protein (Fig 1, C and D and see Fig E1, C).
These findings suggest that the Q314* mutation is a null mutation
leading to a complete loss of DEF6 expression. At the age of 10
years, the index case patient (patient 2) experienced an EBV-
positive nodular sclerosis classic Hodgkin lymphoma (HL) (see
Fig E2 in this article’s Online Repository at www.jacionline.org)
treated by autologous stem cell transplantation, but the patient
then presented with several episodes of lymphoproliferation asso-
ciated with persistently high blood EBV loads (Table I and see Fig
E2). As mouse Def6 is a negative regulator of follicular helper T
cells (TFH),

3 we characterized the T-cell infiltration in tumoral
lymph nodes from patient 2. Staining for BCL6, a key transcrip-
tional factor for TFH cells, displayed an infiltrate of TFH cells
considered to be similar to that seen in other HLs (see Fig E2).
In the first year of life, the youngest child (patient 4) developed
(concomitantly to a transient, asymptomatic, and spontaneously
resolutive cytomegalovirus [CMV] replication) a severe autoim-
mune hemolytic anemia and thrombocytopenia (hemoglobin level
3.5 g/dL with a highly positive Coombs test result) requiring
repeated blood transfusions (see Fig E2). Treatment involving
administration of corticosteroids, rituximab, azathioprine, and bor-
tezomib as well as plasma exchanges had moderate efficacy (see
Fig E2). The other 2 siblings had less severe clinical phenotypes.
The eldest child (patient 1) is currently healthy, but he has a history
of Henoch-Sch€onlein purpura and recently developed cervical
lymph node enlargement with spontaneous regression. Since the
age of 12 years, the other twin sister (patient 3) has had tenosyno-
vitis with a slight increase of her C-reactive protein level (from 15
to 27 mg/mL) associated with recurrent fevers. Similarly to patient
2, patients 1 and 3 also showed abnormal detectable blood EBV
loads (>4 log copies/mL) over 6 months (see Fig E2), whereas pa-
tient 4 has not yet encountered EBV (Table I). Except for CMV in
patient 4, there was no evidence for other viral infection. The re-
sults of testing for autoantibodies were positive in 3 of 4 siblings
(Table I). The twin sisters had a positive interferon signature in
whole blood cells. Immunophenotyping showed slight abnormal-
ities with an inverted CD41 to CD81 T-cell ratio associated with
a decreased level of CD45RA1 naive CD41 T cells and an excess
of activatedHLADR1CD81 T cells (Table I and see Tables E1 and
E2 in this article’s Online Repository at www.jacionline.org).
Additionally, we observed an increase of FOXP31CD25–CD41

T cells in patients 1, 2, and 3, and in agreement with Serwas
et al,4 CTLA4 expression in memory Treg cells versus unstimu-
lated naive conventional T (Tconv) cells (Treg/Tconv) was signif-
icantly reduced in both stimulated (CD3/CD28) and unstimulated
memory Treg cells when compared to controls (Table I and see
Table E1 and Fig E3 in this article’s Online Repository at www.
jacionline.org). Lymphocyte proliferation; activation-induced cell
death; and CD81 T-cell degranulation following PHA, CD3, and
CD3/CD28 stimulation and vaccination responses were normal
or slightly diminished (Table I and see Table E1 and see Fig E4
in this article’s Online Repository at www.jacionline.org). Immu-
noglobulin levels were normal, as were the levels of peripheral
B-cell subsets. Despite the proposed role of mouse Def6 in TCR
signaling,1 analyses of TCR signaling in patients 1, 2, and 3
(including global tyrosine phosphorylation, phosphorylation of
ZAP-70, PLC-g1, ERK, NFAT2C degradation, and calcium flux)
did not reveal any significant abnormalities (see Fig E4).
The 4 patients reported here did not have cardiac or digestive
abnormalities and did not experience severe or opportunistic
infections (except EBV). In Serwas et al,4 all of these symptoms
were restricted to both carriers of an additional SKIV2L variant
(Table I). The third patient identified by Serwas et al4 presented
with a DEF6 deficiency alone, and he developed autoimmune
anemia only in a context of CMV infection, which is a phenotype
close to that of patient 4 reported here (Table I), suggesting a
trigger role of CMV. Autoimmunity in patients with DEF6 defi-
ciency may result from impaired Treg cell differentiation and
function related to impaired CTLA4 recycling as found by Serwas
et al.4 We also observed expansion of unusual FOXP31CD25–

Treg cells that may represent immature Treg cells or precursors
(see Fig E3).6 Interestingly, a similar population was previously
reported in patients with systemic lupus erythematosus (SLE).7

However, other abnormalities in T-cell differentiation, such as
the increased TH17 and TFH counts that have been documented
in def6-deficient mice, may also participate to manifestations of
autoimmunity and/or inflammation.2 Apart from EBV, DEF6 ap-
pears not to be critical to controlling other pathogens, similarly to
genes that are restricted to the immune response to EBV, such as
ITK,CD70, or CD27.8 These genes are essential for the anti-EBV
CD81 effector T-cell response. Interestingly, ITK-deficient pa-
tients present a strong predisposition to development of EBV-
positive HL, and as DEF6 can be a direct substrate for ITK,9

one might hypothesize that ITK deficiency is associated with
impaired DEF6 function(s). Although we failed to detect gross
abnormalities in proliferation and function of DEF6-deficient T
cells, including CD27- and CD137/TNFRSF9/4-1BB–dependent
T-cell proliferation (see Fig E5 in this article’s Online Repository
at www.jacionline.org), we assume that DEF6 is necessary for
anti-EBV immunity. Additional experiments are warranted to
determine the exact role of DEF6 in the immune control of
EBV. In conclusion, we have provided evidence that DEF6 defi-
ciency is a new inherited immune dysregulation disorder with var-
iable expressivity ranging from autoimmunity and/or
inflammation to EBV-associated lymphoproliferation and lym-
phoma without extrahematopoietic manifestations.
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METHODS

Ethics
Written informed consent forms were obtained from all humans in this

study in accordance with Declaration of Helsinki and local legislation and

ethical guidelines from the Comit�e de Protection des Personnes de l’Ile de

France II, Hôpital Necker-Enfants Malades, Paris. Blood from healthy donors

was obtained at the Etablissement du Sang Français (Paris, France) under

approved protocols (convention 15/EFS/012).

Whole exome sequencing
Genomic DNAwas extracted from whole blood according to the standard

methods, and whole exome sequencing and data analysis were performed as

previously described.E1-E3 Genomic DNA regions flanking DEF6 mutation

were amplified by using the forward primer 5’-CTAAGGCCCCTTTCGGG

C-3’ and reverse primer 5’-GGCGCCGGGAGCTAACC-3’ with Q5 High-

Fidelity DNA Polymerase (NEB) according to the manufacturer’s recommen-

dations, gel-purified with a High Pure PCR Product Purification Kit (Roche),

sequenced with a BigDye terminator v3.1 Cycle Sequencing Kit (Applied

Biosystems, University Park, Ill), and analyzed on a 3500xLGenetic Analyzer

(Applied Biosystems). All collected sequences were analyzed by using a

DNADynamo (BlueTractorSoftware).

Cell culture and stimulation
PBMCs were isolated by Ficoll-Paque (Lymphoprep, Proteogenix, France)

density gradient centrifugation, washed, and resuspended at a density of

1 3 106 cells per mL in complete Panserin 401 medium (Pan Biotech, Ger-

many) containing 5% human male AB serum (BioWest, France), 100 U/mL

of penicillin, and 100 mg/mL of streptomycin (Gibco, Thermo Fischer Scien-

tific, Waltham, Mass). T-cell blasts were expanded by incubating PBMCs for

72 hours with 2.5 mg/mL of PHA (Sigma-Aldrich, St Louis, Mo). Dead cells

were then removed by Ficoll-Paque density-gradient (Lymphoprep, Proteoge-

nix) centrifugation, and T-cell blasts were cultured in complete Panserin 401

medium culture supplemented with 100 IU/mL of recombinant human IL-2

(R&D Systems, Minneapolis, Minn). HEK293T cells were cultured in com-

plete Dulbecco modified Eagle medium, high glucose, GlutaMAX supple-

ment, pyruvate medium containing 10% heat-inactivated FCS (Gibco), 100

U/mL of penicillin, and 100 mg/mL of streptomycin (Gibco).

Constructs
Wild-typeDEF6 coding sequence was obtained by RT-PCR from control T-cell

blasts with the forward primer 5’-GACTAGTCCACCATGGCCCTGCGCAAG

GAAC and the reverse primer 5’-ATAAGAATGCGGCCGCCTAATTTTCTG

GTGCTGGATCCandinserted into thepCR2.1-TOPOTAvector (Invitrogen,Carls-

bad, Calif) according to manufacturer’s instructions. The c.940C>T (p.Q314*)

mutant was obtained with a Q5 Site-Directed Mutagenesis Kit (NEB, Ipswich,

Mass)with the forward primer5’-CGATCCGGCTCTAGGCCGAGGGand reverse

primer 5’-CCATCTGGATGGCAGCTG. The N-terminal DYK-tagged wild-type

and c.940C>T (p.Q314*) variants were obtainedwith a Q5 Site-DirectedMutagen-

esis Kit and the reverse primer 5’-ATCCTTGTAATCCATGGCTGAGGCG

CCCGC. Coding sequences were confirmed by Sanger sequencing and subcloned

into a bicistronic lentiviral vector encoding the mCherry protein as a reporter gene

(pLVX-EF1alpha-IRES-mCherry Vector, ClonTech, Montain View, Calif).

Transfections
HEK293T cells were transfected with empty pLVX-mCherry vector or

pLVX-mCherry vector encoding wild-type and p.Q314* with lipofectamin

2000 (Invitrogen, Carlsbad, Calif) according to the supplier’s instructions.

Cells lysates were performed 48 hours after transfection.

Immunoblotting
Cells were washed in PBS and lysed in lysis buffer (1% NP-40 [NP-40

alternative, Calbiochem], 50 mM Tris pH8, 150 mM NaCl, 20mM EDTA,

1mM Na3VO4, 1mM NaF, complete protease inhibitor cocktail (Roche), and

phosphatase inhibitor cocktails 2 and 3 (Sigma). Cell lysates were clarified by

centrifugation at 15,000 g for 5 minutes at 48C. Supernatants were transferred
tonew tubes, and protein concentrationswere determinedbyCoomassie protein

assay reagent (Thermo Fischer Scientific). Next, 80 mg of proteins were dena-

tured by boiling for 10 minutes with sample buffer (125 mM Tris pH 6.8, 3%

SDS, 10% glycerol, 5% 2b-mercaptoethanol, and 0.01% bromophenol blue),

separated by SDS-PAGE, and transferred on polyvinylidene difluoride mem-

brane (Millipore, Burlington, Mass). Membranes were blocked with milk or

BSA buffer before incubation with antibodies. The following antibodies were

used for immunoblotting: anti-phosphorylated ERK1/2 (Phospho-p44/42

MAPK,20G11, catalog no. 4376S), anti-phosphorylatedPLCg-1 (D6M9S, cat-

alog no. 140008S), anti-phosphorylated tyrosine (P-Tyr-100, catalog no.

9411S), anti-phosphorylated ZAP-70 (catalog no. 2704S), anti-NFAT2

(D15F1, catalog no. 8032), and anti-DYKDDDDK Tag (D6W5B, catalog no.

14793S), all from Cell Signaling Technology (Danvers, Mass); anti–b-actin

(A2066, Sigma-Aldrich; and anti-DEF6 (Abnova, catalog no. H000506 19-

B01) (see Fig E1). The polyclonal anti-DEF6 antibody used in Fig 1 was a

gift from Kaan Boztug (Medical University of Vienna, Austria) and was ob-

tained from immunization with full-length DEF6 protein as previously descri-

bed.E4Membraneswere thenwashed and incubatedwith secondary anti-mouse

(GEHealthcare,Chicago, Ill) or anti-rabbit (Cell SignallingTechnology) horse-

radishperoxidase–linkedantibodies. PierceECLWesternblotting substratewas

used for revelation. For reprobing, membranes were incubated with Restore

Western Blot Stripping Buffer (Thermo Fischer Scientific) before blocking.

Flow cytometry
Cell membrane staining and the flow cytometry–based phenotypic analyses

were performed according to standard flow cytometry methods. The following

validated antibodies were used: anti-CD45 (B3821F4), anti-CD3 (UCHT1),

anti-CD4 (SFCI12T4D11, 13B8.2), anti-CD8 (SFCI21Thy2D3, B9.11), anti-

CD19 (J3-119, HIB19), anti-CD20 (B9E9), anti-CD21 (BL13), anti-CD16

(3G8), anti-CD56 (N901, HCD56), anti-CD31 (5.6E), anti-CD197/CCR7

(G043H7), anti-CD45RA (2H4), anti-CD45RO (UCHL1), anti-CD14

(M5E2), anti-CD28 (CD28.2), anti-CD38 (HIT-2), anti-CD57 (NK.1), anti-

CD62L (DREG-56), anti-CD107a/b (H4A3/HAB4), anti-CD161 (HP-3G10),

and anti-TCR Va7.2 (3C10), all purchased from Sony Biotechnology Inc;

anti-CD16 (3G8), anti-IgD (IA6-2) from BD Biosciences; anti-TCRgd

(IMMY510), anti-TCR Va24 (C15), and anti-TCR Vb11 (X21) from Beck-

man Coulter (Fullerton, Calif); and anti-IgM (MHM88) from BioLegend.

These antibodies were conjugated to fluorescein isothiocyanate (FITC),

phycoerythrin (PE), PE–cyanine 5 (PE-Cy5), PE-Cy5.5, PE-Cy7, peridinin-

chlorophyll (PerCP), PerCP-Cy5.5, allophycocyanin (APC), APC-Cy7, APC–

violet 7 (APC-Vio7), Brilliant Violet 421 (BV421), Brilliant Violet 510

(BV510), Brilliant Violet 605 (BV605), Brilliant Violet 650 (BV650),

Brilliant Violet 711 (BV711, or Brilliant Violet 785 (BV785). All data were

collected on an LSRFortessa X-20 cytometer (BD Biosciences).

Treg cell analysis by flow cytometry
Staining of fresh whole blood was performed as previously describedE5 by

using PE-labeled anti-CD25 (B1.49.9), PE-Cy7–labeled anti-CD127

(R34.34), Alexa Fluor 647 (AF647)-labeled anti-FoxP3 (259D), and Pacific

Blue–labeled antiCD4 (13B8.2) (Beckman Coulter). FOXP3-antibodies

(clone 259D) were purchased from BioLegend (SanDiego, Calif). Briefly,

cells were fixed and permeabilized by using the PerFix No-Centrifuge Assay

Kit fromBeckman Coulter according to the manufacturer’s instructions. After

permeabilization, cells were stained with fluorochrome-conjugated antibodies

for 60 minutes and washed once with PBS and then with a solution containing

formaldehyde. Cytometry analyses were performed on aNAVIOSflow cytom-

eter using the NAVIOS software (Beckman Coulter).

Proliferation assay
T-cell blasts were washed and cultured without IL-2 for 72 hours to

synchronize the cells. T-cell blasts or PBMCs were labeled with Tag-it Violet
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Proliferation and Cell Tracking Dye (Biolegend) according to the manufac-

turer’s instructions. Cells were then cultured for 4 days in complete Panserin

401 medium alone or in the presence of 0.1, 1, or 10mg/mL of immobilized

anti-CD3 antibody (clone OKT3 [eBioscience]), and Dynabeads Human

T-Activator CD3/CD28 (Invitrogen). Cells were surface-stained for CD3,

CD4, CD8, and CD25 detection and analyzed by flow cytometry (LSRFortessa

X-20 [BD Biosciences]). The proliferation index was calculated by using

FlowJo software (TreeStar). Proliferation assays with cocultures of T cells

with the P815 cells or lymphoblastoid cell line (LCL) cells have been

previously described elsewhere.E1,E6 Briefly, irradiated P815 expressing or not

expressing CD137L or irradiated EBV B-cell lines (LCLs) expressing CD70

were preincubated with soluble 0.25 mg/mL anti-CD3 antibody, washed, and

cocultured with PBMCs labeled with Cell Tracking Dye.

Calcium flux analysis
Ca21 influx was assessed by real-time flow cytometry, as previously descri-

bed.E2 Briefly, cells were loaded with 5 mM Indo-1 AM (Molecular Probes, Eu-

gene, Ore) in the presence of 2.5 mM probenecid (PowerLoad, Molecular

Probes), washed, and surface-stained for CD4 and CD8 detection. Cells were

analyzed in real-timewith aFACSARIAIIflowcytometer (BDBiosciences).Dur-

ing acquisition, 1mg/mLof anti-CD3 antibodywas added to the cells, followed by

10 mg/mL of F(ab’)2 rabbit–anti-mouse IgG crosslinker (Jackson Immunore-

search), and finally incubatedwith a calcium ionophore (1mM ionomycin [Sigma

Aldrich]). Changes in the intracellular calcium concentration are quantified by a

shift in the indo-1 emission peak from 485 nm (indo-blue) for unbound dye to

405 nm (indo-violet) when the indo-1 molecule is bound to calcium. Data were

analyzed by using the kinetic tool of FlowJo software. Intracellular Ca21 levels

correspond to the normalized ratio of 405-nm to 485-nm indo-1 emission peaks.

Apoptosis assay
T-cell blasts were either left unstimulated or stimulated for 12 hours with

0.1, 1, and 10 mg/mL of immobilized anti-CD3 (clone OKT3).E7 Briefly, cells

were then washed and stained for viability (7-AAD viability staining [Bio-

legend]), for surface expression of CD3, CD4, and CD8 and surface localiza-

tion of phosphatidylserines by FITC-conjugated Annexin-V (BD Bioscience).

Cells were analyzed by flow cytometry; apoptotic cells corresponding to An-

nexin V1/7-AAD– cells were quantified by using FlowJo software, and spe-

cific induced apoptosis was determined by using the formula: 100 3 (%

induced apoptosis – % spontaneous apoptosis)/(100 – % spontaneous

apoptosis)).

Degranulation assay
T-cell blasts were stimulated for 4 hours with 0.03, 0.3, 3, and 30 mg/mL of

immobilized anti-CD3 in the presence of PE-conjugated anti-LAMP-1/2

(H4A3 and H4B4 [BD Biosciences]) as previously described.E2 Cells were

then washed and stained for surface expression of CD3 and CD8 and analyzed

by flow cytometry.

Immunochemistry
Biopsy specimens were fixed in 10% neutral buffered formalin, embedded in

paraffin, and stained with hematoxylin and eosin. Immunohistochemical

analyses were performed by routine protocols (Institut de Pathologie Multisite,

Hospices Civils de Lyon) with the following commercially available antibodies:

mouse mAb BCL6 (PG-B6p clone [Dako]), mouse mAb CD10 (56C6 clone

[Novacastra]), mouse mAb PD1 (BioSB, Santa Barbara, Calif), mouse mAb

CXCL3 (BCA-1 clone [R&D]), and mouse mAb ICOS (SP98 clone [Abcam]).

The presence of EBV was demonstrated by in situ hybridization with a small

RNA-encoding region 1 and 2 (EBER) probe (Ventana Medical Systems).

CTLA4 staining
PBMCswere seeded to a 96-well flat-bottom plate at a density of 1.53 106

cells/mL and either left unstimulated or stimulated with anti-CD3/CD28

Dynabeads (Thermo Fisher) at a ratio of 0.8 bead for 1 cell. After 16 hours

of incubation at 378C, 95% humidity, and 5% CO2, anti–CD4-FITC (RPA-

T4 [BD]), anti–CD3-PerCP-Cy 5.5 (UCHT1 [BD]), anti-CD45RA-APC-

Vio770 (T6D11 [Miltenyi Biotec]), and anti–CD7-BV510 (M-T701 [BD])

were added for surface staining for 30 minutes at 48C. Cells were then fixed

and permeabilized with the Foxp3 fixation/permeabilization staining buffer

(eBioscience) and incubated with anti–CTLA4-PE (14D3 [eBioscience])

and anti–Foxp3-APC (PCH101 [eBioscience]) for 30 minutes at 48C. Cells
were acquired on a BD LSR Fortessa, and the data were analyzed by using

FlowJo software. The ratio of CTLA4 expression of unstimulated or stimu-

lated memory Treg cells to CTLA4 expression of unstimulated naive conven-

tional Tconv cells was calculated as previously described.E8

Interferon signature
Total RNA extraction was performed on whole blood collected on EDTA

by using aMaxwell 16 LEV SimplyRNABlood Kit (Promega, Madison,Wis)

and a magnetic particle processor (Maxwell 16 [Promega]) according to the

manufacturer’s recommendations. The extraction kit included an individual

DNAse treatment. Total RNAwas diluted in 40 mL of RNAse-free water, and

concentration was quantified by spectrophotometry by using a NanoVue

(Biochrom). The first strand of cDNAwas synthetized from 1mg of total RNA

by using a SuperScript VILO cDNA Synthesis Kit and Master Mix

(Invitrogen). For the Nanostring (NanoString Technologies, Seattle, Wash)

procedure, 200 ng of RNAwas hybridized to the probes (a reporter probe and a

capture probe) at 67 8C for 16 to 21 hours using a thermocycler. Samples were

then inserted into the nCounter Prep Station for removal of excessive probes,

purification, and immobilization onto the internal surface of a sample

cartridge for 2 to 3 hours. Finally, the sample cartridge was transferred to

the nCounter Digital Analyzer where color codes were counted and tabulated

for each target molecule. Count numbers obtained for the 6 interferon-

stimulated genes (ISGs) (ie, IFIT1, SIGLEC1, IFI27, IFI44L, ISG15, and

RSAD2) were normalized by the geometric mean of the count numbers of 3

housekeeping genes (b-actin, hypoxanthine phosphoribosyltransferase 1

[HPRT1], and RNA polymerase II subunit A [POLR2A]) as well as the values

of negative and positive controls by using nSolver software. The relative

expression was determined for each normalized ISG expression by dividing

by the median normalized expression of each ISG from a control group.

Finally, the median of the relative expression of these 6 ISGwas used to calcu-

late the interferon score. The threshold was first defined as the mean of control

group interferon score plus or minus 2 SD corresponding to a score of 2.3.
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FIG E1. Identification of a DEF6 nonsense homozygous mutation in patients 2 and 4. A, Analysis of the

single-nucleotide variations (SNVs) detected by whole exome sequencing in the genome of patient (Pt) 2

and Pt 4. The numbers of SNVs are indicated in the triangles. SNVs were filtered by removal heterozygous

(htz) variations present in public whole exome sequencing data bases and the data base of our institute with

a frequency superior to 1/1000 found as homozygous (hmz), and finally removing nonfunctional intronic

and synonymous mutations. B, The intersection (intersected) of the filtered SNVs in the 2 patients resulted

in identification of 13 single common variations that were ordered given their combined annotation-

dependent depletion (CADD) score, with DEF6 variation having the highest correspondence to a

nonsense/Stop gained mutation. C, Western blots with anti-DYK, anti-DEF6, and anti-ACTIN antibodies

showing that DEF6 Q314X is not detectable even when expressed with a tag (DYK). Cell lysates of HEK

293 transiently transfected with an empty vector or a vector containing sequences for wild-type DEF6

(DEF6 WT), mutated DEF6 (Q314X), or N-terminal DYK-tagged DEF6 forms (DYK-DEF6 and DYK-DEF6

Q314X). Cell lysates blotted with anti-ACTIN antibody as a loading control (lower panel). Size markers (in

kDa) are on the left.
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FIG E2. Clinical characterization and parameters of patients (Pt).A, Positron

emission tomography imaging at the diagnosis of Hodgkin lymphoma in Pt

2. B, Immunostaining of the hepatic hilum lymph node surgical biopsy

specimen showed positive heterogeneous BLC6 expression (upper panel),

and in situ hybridization with an EBER probe stained multiple EBV-positive

tumoral cells (lower panel) (magnification 332). C, Evolution of blood EBV

loads in Pts 1, 2, and 3. Autologous stem cell transplantation (auto-SCT) in

Pt 2 is indicated by an arrow. D, Blood parameters and treatments of Pt 4

over a period of 17 months (age at the diagnosis of hemolytic anemia) to

the age of 33 months. Upper panel shows platelet counts, with the horizon-

tal dashed line corresponding to the lower normal limit of 150 billion plate-

lets per liter. Middle panel shows hemoglobin and reticulocytes counts,

with the horizontal red and blue dashed lines corresponding, respectively,

to the lower normal limit of 110 g/L of hemoglobin and 200 billion reticulo-

cytes per liter. Reticulocyte values higher than the threshold of 200 billion

per liter are plotted on the blue line. Lower panels showed the different

treatments implemented: abatacept, 10 to 20 mg/kg per injection; azathio-

prine, 2 mg/kg per day; bortezomib, 0.6 mg/kg per injection, with 4 injec-

tions per course; corticotherapy/corticosteroids, 0.4 to 4 mg/kg per day;

rapamycin, 3 mg per day; and rituximab, 375 mg/m2 per injection after

each plasmapheresis course until complete B-cell depletion and then every

3 weeks. RBC, Red blood cell.
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FIG E3. Characterization of Treg cells from patients 1, 2, 3, and 4 (Pt 1, Pt 2, Pt 3, Pt 4). A and B, Comparison

of CTLA4 expression on unstimulated and stimulated Treg cells versus conventional T (Tconv) cells of con-

trols (Ctrls) and Pts. A, Examples of fluorescence-activated cell sorting (FACS) analysis of CTLA4 expression

on unstimulated Treg cells versus on Tconv cells of a control (Ctrl) and a Pt (Pt 3). Treg cells and Tconv cells

were isolated by gating and correspond to CD41CD45RA–FOXP31 and CD41CD45RA1FOXP3– cells, respec-

tively. The mean fluorescence intensities of CTLA4 expression on Treg cells and Tconv cells were calculated

from histograms (right panels). The ratio of the CTLA4 mean fluorescence intensity of Treg cells to that of

Tconv cells is indicated in the histogram plots of the control and the Pt. B, Graphs showing the comparison

of CTLA4 expression on unstimulated (upper panel) or stimulated (lower panel) Treg cells and Tconv cells

unstimulated from the Ctrl and from Pts 1, 2, and 3. Ratio calculated from FACS data as shown in (A) from 2

independent experiments. *P < .05; **P < .01 (Mann-Whitney U test). C, Phenotyping of Treg cells after

gating on CD41 lymphocytes. Dot plots from FOXP3 and CD25 expression analyzed by FACS. The percent-

age of FOXP31CD25– T cells is indicated on the upper left part of each dot plot. One experiment on 2 inde-

pendent for Pt 1, Pt 2, and Pt 3 with similar results (5.1%, 3.3%, and 3.2% of FOXP31CD25–, respectively).
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FIG E4. Functional characterization of T cells from patients (Pt) 1, 2, and 3 (Pt 1, Pt 2, and Pt 3). A-C, Analyses

of T-cell blasts from DEF6-deficient Ps 1, 2, and 3 and their parents (Mother and Father). A, Cell proliferation

profiles determined by dilution of CellTrace Violet (CTV) in response to immobilized anti-CD3 antibody at

the indicated concentrations or anti-CD3/CD28–coated beads. Left panel shows index values in arbitrary

units (A.U.) of proliferation calculated from CTV profiles shown as examples in the right panels for the stim-

ulation with 0, 0.1, and 10 mg/mL of anti-CD3. B, Activation-induced cell death (AICD) after stimulation with

the indicated concentration of anti-CD3. Apoptotic cells detected by annexin V (AV) and 7-AAD staining. Ra-

tio of the percentage of apoptotic cells (AV1/7-AAD– cells in the CD31 gates) in each condition to the percent-

age of unstimulated cells. C, Degranulation of CD81 T cells stimulated with the indicated concentrations of

anti-CD3. Cells stained with antibodies against CD107a/b (LAMP1/2), a surface-exposedmarker of the secre-

tion of lytic granules. The percentages of CD81CD107a/b1 are shown. D, Analysis of TCR signaling in T-cell

blasts from a control donor (Ctrl) and a DEF6-deficient Pt (Pt 2). Immunoblots showing the phosphorylation

of proximal signaling molecules after stimulation with anti-CD3 antibodies for 0, 2, 5, 10, 20, 30, and 60 mi-

nutes. Cell lysates immunoblotted with antibodies against tyrosine phosphorylated residues (P-Tyr), phos-

phoPLCG1 (P-PLCG1), phospho-ERK1/2 (P-ERK), NFAT2C, and phospho-ZAP-70 (P-ZAP70) and ACTIN as a

loading control. The same data were obtained for Pt 1 and Pt 3. E, Flow cytometry analyses of Ca21 flux

in T cells loaded with the Ca21-sensitive fluorescent dye Indo1. Cells then stimulated with anti-CD3 (first ar-
row) crosslinked with rabbit anti-mouse (second arrow). Intracellular Ca21 levels expressed in A.U. The

colors are the same as in (A-C) corresponding to Pts and parents. A-E, Data from 1 experiment.
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FIG E5. CD70-CD27– and CD137L-CD137–dependent T-cell proliferation of T cells of patients (Pt) 1, 2, and 3

(Pt 1, Pt 2, and Pt 3). Proliferation of T cells from PBMCs of controls (Ctrls) and Pts (Pts 1, 2, and 3) cocultured

in (A) with irradiated LCL cells expressing or not CD70 (LCL-CD70) and in (B) with irradiated P815 cells ex-

pressing or not expressing CD137L (P815-CD137L). Irradiated LCL and P815 cells were preincubated with

anti-CD3 antibody (1 anti-CD3) before being added to the PBMCs. Nonstimulated (NS) PBMCs were

cultured without irradiated LCL or P815 cells. PBMCs were also cocultured with coated beads with anti-

CD3/CD28 (anti-CD3/CD28–coated beads) as positive controls. Histograms of CellTrace violet dilution gated

on CD31 cells. Percentages of proliferating T cells are indicated in the histogram plots for LCLs-CD70 and

P815-CD137L.
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TABLE E1. Immunologic parameters of the patients

Patient parameter

Pt 1 Pt 2 Pt 3 Pt 4* Pt 4y Pt 4z
Age 19 y 14 y 14 y 17 mo 18 mo 26 mo

Leukocytes (cells/mm3) 7940 4380 4070 12787 6013 2450

Neutrophils (cells/mm3) 5690 2370 2170 — — 1320

Monocytes (cells/mm3) 670 520 330 — — 250

Lymphocytes (cells/mm3) 1568 2210 1986 2623 657 763

T cells

CD31 (cells/mm3) 1052 1615 1533 1240 611 557

CD41 (cells/mm3) 395 495 615 668 173 181

CD81 (cells/mm3) 537 968 751 517 394 315

CD4/CD8 ratio 0.73 0.51 0.82 1.29 0.44 0.58

TCRg/d (%) 11.9 12.2 9.4 — — —

CD311CD45RA1/CD41 (recent naive thymic emigrant) (%) 22 40 30 39 — 16

CD45RO1/CD41 (memory) (%) 70 58 59 — — 68

CCR71CD45RA1/CD81 (naive) (%) 16.4 16.4 31.5 — — 2.3

CCR71CD45RA–/CD81 (central memory) (%) 1.3 2.8 2.0 — — 1.0

CCR7–CD27–CD45RA–/CD81 (effector memory) (%) 61.5 59.5 36.4 — — 35.8

CCR71CD27–CD45RA1/CD81exhausted effector memory) (%) 20.8 21.3 30.2 — — 61.0

CD127low CD251/CD41 (regulatory) (%) 8.1 7.7 7 — — 9.3

Va71CD1611/CD31 (MAIT) (%) 3.22 0.36 0.2 — — —

Va241Vb111CD1611/CD31 (iNKT) (%) 0.17 0.11 0.043 — — —

CD31DR1 (%) 27.9 38.8 25.7 — — 31.1

CD41DR1 (%) 9.1 11.1 7.2 — — 17.9

CD81DR1 (%) 40.2 55.2 39.9 — — 39.9

PHA (% CD31Edu1) 16 (mod.) 7.8 (weak) 13 (mod.) — — —

OKT3 (50 ng/mL) (% CD31Edu1) 17 (good) 8.9 (mod.) 12.7 (good) — — —

PWM (% CD31Edu1) 2.8 (good) 2.0 (mod.) 2.2 (good) — — —

Candida (25 mg/L to 10 mg/L) (% CD31Edu1) 4.9 – 4.1 (mod.) 5.6 – 0.9 (good) 4.3 – 0.9 (mod.) — — —

Tetanus toxoid (10 mg/L to 5 mg/L) (% CD31Edu1) 1.9—1.3 (weak) 0.8 – 0.7 (weak) 0.9 – 5.5 (mod.) — — —

Tuberculin (10 mg/L to 5 mg/L) (% CD31Edu1) 8.9 – 5.8 (good) 1.1 – 3.3 (mod.) 8.1 – 8.8 (good) — — —

NK cells

CD161CD561(cells/mm3) 366 219 171 340 21 159

CD161CD561 (%) 23 10 9 13 3 21

B cells

CD191 (cells/mm3) 144 191 110 963 — 9

CD191 (%) 9.2 12 7 36.7 <0.5 1.2

CD271/CD191 (memory) (%) 18 14 15 — — 78.1

CD27-IgD1/CD191 (naive) (%) 71 80 82 — — 17.7

CD271IgD1/CD191 (marginal zone-like B cells) (%) 9 7 11 — — 74.4

CD271IgD–/CD191 (switched memory) (%) 9 7 4 — — 4.3

CD2411CD3811/CD191 (%) 8 11 13 — — —

CD2411CD3811CD27–IgD1/CD191 (transitional B cells) (%) 8 11 13 — — 15.4

CD24–CD3811/CD191 (plasmablasts) (%) 1 3 1 — — —

CD21lowCD38low/CD191 (%) 5 5 5 — — —

CD2111CD241/CD191 (%) 64 67 65 — — —

IgG (g/L) 15.6 12.3 12.3 11.7 — —

IgM (g/L) 2.13 2.21 1.72 0.24 — —

IgA (g/L) 0.83 1.10 1.34 0.73 — —

MAIT, Mucosal invariant T cells; PWN, pokeweed mitogen.

Italics indicate values higher than the normal values; boldface indicates values less than the normal values (see Table E2); For lymphocyte proliferation, data are from routine tests.

Aweak proliferation corresponds to 0.5% to 15% or 0.5% to 2.5% of CD31EdU1 cells after 72 hours or 7 days of stimulation with PHA or tetanus toxoid, respectively. A moderate

(mod.) proliferation corresponds to 15% to 35%, 10% to 25%, 3% to 5%, or 2.5% to 5% of CD31EdU1 cells after 72 hours of stimulation with PHA, OKT3, or PWN or 7 days

with antigens, respectively. A good proliferation corresponds to more than 35%, more than 25%, more than 5%, or 5% to 15% of CD31EdU1 cells after 72 hours of stimulation

with PHA, OKT3, or PWN or 7 days with antigens, respectively.

*At the time of the phenotyping, the patient was receiving only corticosteroids.

�The patient was receiving rituximab injections in addition to corticosteroids and azathioprine.

�The patient was treated with corticosteroids, rapamycin. and abatacept.
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TABLE E2. Immunologic normal age-matched values for Table E1

Age-matched normal value At age 18 y At age 10-15 y At age 1-2 y

Leukocytes (cells/mm3) 4,100-10,500 4,100-10,500 6,000-17,500

Neutrophils (cells/mm3) 1,800-6,300 1,500-6,400 1,500-8,500

Monocytes (cells/mm3) 300-1,000 300-1,000 180-600

Lymphocytes (cells/mm3) 1,000-3,400 1,500-4,000 4,000-10,500

T cells

CD31 (cells/mm3) 1,000-2,200 1,200-2,600 1,900-5,900

CD41 (cells/mm3) 530-1,300 650-1,500 1,400-4,300

CD81 (cells/mm3) 330-920 370-1,100 500-1,700

CD4/CD8 ratio 0.6 0.6 0.6

CD311CD45RA1/CD41 (recent naive thymic emigrant) (%) 51-79 50-78 48-76

CD45RO1/CD41 (memory) (%) 27-50 28-49 4.5-17.5

CCR71CD45RA1/CD81 (naive) (%) 48-87 62-86 77-98

CCR71CD45RA–/CD81 (central memory) (%) 10-37 12-27 1-8

CCR7–CD27–CD45RA–/CD81 (effector memory) (%) 0.2-7 1-6 0-2.8

CCR71CD27–CD45RA1/CD81 (exhausted effector memory) (%) 0.8-14 0.8-13 0-11

CD127lowCD251/CD41 (regulatory) (%) 4.0-10.0 2.8-7.2 2.9-7.4

Va71CD1611/CD31 (MAIT) (%) 1-8 1-8 1-8

Va241Vb111CD1611/CD31 (iNKT) (%) >0.02 >0.02 >0.02
CD31 DR1 (%) 1.3-12.2 5.0-12.5 4.5-14.5

CD41 DR1 (%) 0.7-4.6 4.0-11.0 3.0-12.0

CD81 DR1 (%) 0.3-4 5.0-25.0 7.0-37.0

Natural killer cells

CD161CD561 (cells/mm3) 70-480 100-480 160-950

CD161CD561 (%) 3-22 4-17 3-15

B cells

CD191 (cells/mm3) 110-570 270-860 610-2,600

CD191 (%) 6-23 13-27 14-37

CD271/CD191 (memory) (%) 7-29 9-35 3.5-12.2

CD27–IgD1/CD191 (naive) (%) 65.6-79.6 61.6-87.4 69.2-90.5

CD271IgD1/CD191 (marginal zone–like B cells) (%) 7.4-13.9 2.6-13.4 4.6-16.3

CD271IgD–/CD191 (switched memory) (%) 7.2-12.7 4-21.2 0-4

CD2411CD3811CD27–IgD1/CD191 (transitional B cells) (%) 1-5.7 1.4-13 3.0-13.1

CD24–CD3811/CD191 (plasmablasts) (%) 0.4-2.4 0.6-6.5

CD21lowCD38low/CD191 (%) 1.6-10 2.7-8.7

IgG (g/L) 6.4-13 6.4-13 3-15

IgM (g/L) 0.56-3.52 0.56-3.52 0.25-1.15

IgA (g/L) 0.7-3.12 0.7-3.12 0.16-1

iNKT, Invariant natural killer cells; MAIT, mucosal invariant T cells.
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