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From Sanger to NGS panel for index cases

>450 Inborn Errors of Immunity !

Clinical heterogeneity

Sanger sequencing
Hypothesis-based diagnosis

Cumbersome and expensive for 

multiple gene testing

No detection of heterozygous CNV

Custom NGS panel was designed in 2015

Capture of exonic regions in 300 genes for which mutations can

cause an Inborn Error of Immunity (IEI)

Tangye et al. J Clin Immunol. 2020 Jan;40(1):24-64

NGS



Timeline of genetic strategies in IEI

Single-molecule real-

time sequencing

(SMRT) - Pacbio

Oxford Nanopore

Technologies

Shot-gun sequencing (150bp)
Long-read sequencing

(10-15kb)
Sanger sequencing

MLPA

CGH array

2010 2022

SNV / small indel

Exon-level CNV

Large CNV

SNV – small indels

Mosaïcism (coverage-dependant)

Exon-level CNV

Repetitive DNA sequence

High-homology, pseudogene

Structurals variations (without exon-CNV)

Cost

Complexity of data analysis and storage



Technical overview

CAPTURE of regions of 

interest (custom RNA bait)

Enzymatic 

fragmentation
Genomic DNA

Adaptors, 

identification 

sequences

Library

Flowcell

Bridge PCR for cluster formation (clonal DNA)

Illumina sequencing (Necker Genetic platform)

Pool of 8 to 

72 patients

Bioinformatic

analysis

Biological

interpretation

Extraction 

from whole

blood EDTA

Marion & Nathalie
The pink ladies



Coverage analysis to diagnose Copy Number Variation

(RCprobe/RCall)patient 

(RCprobe/RCall)mean

RC : read count = coverage

Score < 0,7 => deletion ?  

Score > 1,3 => duplication ?  

Double normalization of read count (RC) to account for coverage variability

between genomic regions and between patients

≃ 1Dup/del score = 

Patients
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Some statistics on the first 129 PID cohort (2016-2018)

missense
nonsense
small deletion
splicing
CNV

Total=100

Homozygous

Compound heterozygous

Hemizygous

Heterozygous

reported variation

no reported variation

31%

32,5

17,5
7,5

42,5

reported variation
no reported variation

300 genes
4136 regions of interest

1.095 Mbp = 0.034% genome =  3.65% exome

Mean coverage 539X

>30X : 98.91% 
129 patients included in the validation cohort

Yield & Transmission Type of variations

CNV : 13% of the variants
=> increase yield by 4,6%



1158 patients studied by tNGS from 2015 to 2020

Evolution of the diagnostic strategy

Validation cohort

(n=129)
NGS for 

all index 

cases

2015 2016 2017 2018 2019 2020
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PID v1 to v4

HLH/HLH-EBV

Innate

PID v5
332 genes

HLH-EBV v2
56 gènes

Innate v2
MSMD-CGD-CMC-HIES

84 genes

PID v1 
300 gènes

J. Bustamante & A. Puel

G. De Saint Basile



Integration of NGS panels in the diagnostic workflow 

WES

WGS

Adapted from Lee et al, Human Immunology 2021

CEDI

Negative
panel



What is the efficiency for adult patients ?

ADA2

BTK

BTK

BTK

CTLA4

CTLA4

CTLA4

CTLA4

ICOS

IKZF1

IKZF1

IRF3

LIG4

NFKB1

NFKB1

NFKB1

NFKB2

NFKB2

NLRC4

RLTPR

RMRP

STAT1

STAT1

STAT3

STAT3

STXBP2

TBX1

Primary analysis on the 
PID cohort
Maybe not so bad?

On 46 adult patients, 57% 
with childhood onset

The usual 

suspects ?

156 adult patients

Retrospective analysis 2019/2020

(Likely) Pathogenic
TACI variant
Variant to be further validated
VUS
No variant of interest

17,5%
6,5%



Overview of the litterature (n=30 publications)

0 20 40 60 80 100

0

20

40

60

80

100

Consanguinity (%)

Y
ie

ld
 (

%
)

A
ll 
P
ID

S
C
ID

H
LH

P
A
D

Eva
ns

Sev
er

e 
C
V
ID

E
B
V

0

20

40

60

80

100

Y
ie

ld
 (

%
)

2012 2014 2016 2018 2020 2022

0

20

40

60

Date of publication

Y
ie

ld

This study

0 200 400 600 800

0

20

40

60

Genes

Y
ie

ld
 (

%
)

targeted NGS

WES (with filter)

This study



Quick focus on 2 complex cases 

resolved by tNGS :

1. A copy number variation in a non-coding region leading

to haploinsufficiency

2. A patient partially cured before getting sick



A copy number variation in a non-coding

region leading to haploinsuffisiency



True deletion of non-coding exon 1 of NFKB1 or false positive?

Exon 1NC

1000

C
o
v
e

ra
g
e

P1

Mean

Exon 1 NC
misaligned reads

Zoom on coverage drop

Dup/del score for NFKB1

500

Patient from A. Maria (Montpellier)
48-years-old man
Since childhood : 
 Sino-pulmonary infections
 Hypogammaglobulinemia

(supplemented)
CVID complications : chronic diarrhea with
colitis, ITP, NRH with portal hypentension
DLBCL EBV+ in 2019



Confirmation of the 2,7kb deletion

???
Probable 

breakpoint

TTTTAGGCTCCAGGACTGTGACAGAATAAATTCCCGTTGTAAG

TCCCTCCGCGGGGCGGGAACGCGAACCGGAGGGGAACTCTT

TTTTAGGCTCCAGGACTGTGACAGAACCGGAGGGGAACTCTT

5’UTR

Exon 1NC

Deletion

Breakpoint PCR and sequencing :

Microhomology
junction



The deletion encompasses promoter and enhancers of NFKB1
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Δ1NC breakpoint

PCR control
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Genetic and functional confirmation

PCR by Marion Heller & qPCR by Laura Barnabei



A patient partially cured

before getting sick



DICK-like phenotype : good candidate for a wide NGS panel ?

Patient from M. Malphettes :

45-years-old man

 Clinical presentation :

Sino-pulmonary infections since 5y

Moderate/severe psoriasis since 16y

Bilateral bronchiestasie at 37y

 Biological explorations :

IgGAM : normal

Chronic EBV viremia : low to moderate

Post-vaccinal serology : 

 Tetanos : normal

 Pneumococcus : negative

Patients with CVID diagnosis + one of 

the following criteria :

 Early beginning (<10 yo) 

 autoimmunes/inflammatory

manifestations

 B cell lymphopenia

 Familial hypogammaglobulinemia

DIAGNOSTIC YIELD = 30%
From Bogaert DJA, et al. J Med Genet 2016



c.5287C>T ; p.(Arg1763*) 

exon 41
Dup_ex15-26

Two deleterious genetic events in DOCK8

patients
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Familial segregation

Dup_ex15-26/p.R1763*

WT/p.R1763*Dup_ex15-26/WT

Compound 

heterozygous



DOCK8 expression by flow cytometry

Lymphocytes T cells B cells

Patient’s B cells

Control

Patient

Naive B cells

Memory B cells

DOCK8

DOCK8CD19
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Somatic reversion ?

Sanger et MLPA 

on DNA from T

cells (DOCK8+) :

Coverage analysis

of DOCK8 by 

whole genome

sequencing

Discovery of the 

two breakpoints

of the 

duplication

Whole gene analysis by Christine Bole & Cécile Masson



Clinical improvement in 3 DOCK8 revertant patients

Bethany Pillay & Stuart Tangye



CEDI’s team
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