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Human DOCK2 Deficiency: Report of a Novel Mutation and Evidence
for Neutrophil Dysfunction
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Abstract
DOCK2 is a guanine-nucleotide-exchange factor for Rac proteins. Activated Rac serves various cellular functions including the
reorganization of the actin cytoskeleton in lymphocytes and neutrophils and production of reactive oxygen species in neutrophils.
Since 2015, six unrelated patients with combined immunodeficiency and early-onset severe viral infections caused by bi-allelic
loss-of-function mutations in DOCK2 have been described. Until now, the function of phagocytes, specifically neutrophils, has
not been assessed in human DOCK2 deficiency. Here, we describe a new kindred with four affected siblings harboring a
homozygous splice-site mutation (c.2704-2 A > C) in DOCK2. The mutation results in alternative splicing and a complete loss
of DOCK2 protein expression. The patients presented with leaky severe combined immunodeficiency or Omenn syndrome. The
novel mutation affects EBV-B cell migration and results in NK cell dysfunction similar to previous observations. Moreover, both
cytoskeletal rearrangement and reactive oxygen species production are partially impaired in DOCK2-deficient neutrophils.
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Introduction

Dedicator of cytokinesis 2 (DOCK2) is a major guanine-
nucleotide-exchange factor (GEF) for GTPase-activating pro-
teins, and is primarily expressed in hematopoietic cells [1, 2].
It binds and activates Rac through its DOCK homology region
domain (DHR) [2]. Activated Rac serves multiple functions
downstream of G protein-coupled receptors (GPCR) and an-
tigen and complement receptors, including reorganization of

the actin cytoskeleton [3–8]. Numerous GEFs can activate
Rac and their relative importance depends on the cell type,
the ligand, and the downstream effector function in mice and
humans [9]. In 2015, Dobbs et al. described five unrelated
patients with early-onset invasive viral and bacterial infections
caused by bi-allelic loss-of-function (LOF) mutations in
DOCK2 [10]. Recently, Alizadeh et al. reported a sixth patient
with the same phenotype [11]. The different mutations result-
ed in absent or markedly reduced levels of DOCK2 protein
expression or in expression of a truncated protein lacking the
DHR2 domain. Several immunological abnormalities have
been documented in DOCK2-deficient patients. These include
naïve T cell lymphopenia with reduced T cell receptor exci-
sion circles (TRECs) and diminished T cell proliferation in
response to phytohemagglutinin, variable reduction of B cell
numbers, with defective antibody responses despite normal
immunoglobulin (Ig) G levels, and impaired NK cell function.
Total polymerized filamentous actin (F-actin) was diminished
in T-, B-, and NK lymphocytes, and T- and B cell chemotaxis
was also impaired by DOCK2 deficiency [10]. Interferon
(IFN)-alpha and -lambda production by peripheral blood
mononuclear cells (PBMCs) from DOCK2-deficient patients
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was reduced after ex vivo exposure to herpes simplex virus 1
or vesicular stomatitis virus [10]. Moreover, DOCK2-
deficient simian virus 40 fibroblasts showed increased viral
replication and enhanced virus-induced cell death after expo-
sure to encephalomyocarditis virus. Three of the six published
patients succumbed to infection (Klebsiella pneumoniae sep-
sis, viral pneumonitis, and persistent CMV infection); the oth-
er three were successfully treated with hematopoietic stem cell
transplant (HSCT). Thus, autosomal recessive (AR) DOCK2
deficiency results in a combined immunodeficiency (CID)
with additionally impaired innate and cell-intrinsic immunity
[10]. Overall, the phenotype of humanARDOCK2 deficiency
is reminiscent of observations in Dock2−/− mice [7, 12–14].

Murine Dock2−/− neutrophils show also an impaired che-
motaxis and reduced reactive oxygen species (ROS) produc-
tion following N-formylated tripeptide (N-formyl-Met-Leu-
Phe fMLF) or Phorbol 12-Myristate 13-Acetate (PMA)-in-
duced Rac activation [15, 16]. The neutrophil chemotaxis
and ROS production defects are more pronounced in Dock2/
Dock5 double knockout mice [16]. Pre-treatment of human
neutrophils with CPYPP, a small molecule inhibitor of the
DHR-2 domain of DOCK proteins and thus of the Rac GEF
activity of human DOCK2 and DOCK5, also significantly
impaired neutrophil chemotaxis and ROS production [16].
However, to date, no data have been reported on phagocytic
cell function in human primary AR DOCK2-deficient neutro-
phils. Here, we report a new kindred with AR DOCK2 defi-
ciency with four affected children, and demonstrate that this
condition is also characterized by neutrophil dysfunction.

Methods

Study Oversight

The Ethics Committee of the University Hospitals Leuven
approved this study (protocol number: S58466). The study
was performed in compliance with the Declaration of
Helsinki for research involving human subjects. Written in-
formed consent was obtained from the parents prior to DNA
isolation, PBMCs or neutrophil isolation, and Epstein Barr
virus (EBV)-transformed B cell production from blood of all
family members and healthy controls. For original data, please
contact Isabelle.Meyts@uzleuven.be

Whole-Exome Sequencing and Sanger Sequencing

We performed whole-exome sequencing (WES) on healthy
sibling II.1, the index patient (II.6), and his deceased siblings
(II.4, II.5) (Fig. 1a). Genomic DNA samples for WES were
prepared from heparinized peripheral blood using the
QIAamp DNA Blood Midi Kit (QIAGEN, Hilden,

Germany, II .6 or Chemagen DNA extract ion ki t
(PerkimElmer, Boston, MA, USA; II.1, II.4 and II.5). WES
libraries were prepared using SureSelect Human V4/V5 en-
richment kit (Agilent Technologies, USA). One hundred fifty
base pairs paired-end sequencing was performed on the
Illumina NovaSeq (Macrogen Europe, Amsterdam,
The Netherlands). BWA software was used to align the se-
quence reads to the Human Reference Genome Build hg19
(http://bio-bwa.sourceforge.net). GATK Unified Genotyper
(https://software.broadinstitute.org/gaks.bestpractices) was
used to identify single nucleotide variants and insertions/
deletions. ANNOVAR (http://anovar.openbioinformatics.org)
was used for annotation. For Sanger sequencing confirmation,
genomic DNA samples were prepared from heparinized
peripheral blood using the QIAamp DNA Blood Mini kit
(QIAGEN, Hilden, Germany). The region of interest around
exon 27 of DOCK2 was sequenced using the primers 5′-
GGAATTTTTTATGCCCAG - 3 ′ a n d 5 ′ - GCGT
GATAGTCCACCCTT-3 ′ . Sanger sequencing was
performed on an ABI 3730 XL Genetic Analyzer (Applied
Biosystems, Foster City, Calif) at the LGC Genomics
Facility in Berlin, Germany. Sequencing data were analyzed
using Chromas 2.6.5 (http://www.technelysium.com.au). No
DNA sample was available from the deceased sibling (II.2).

Determination of DOCK2 Transcripts by Endpoint PCR
and PCR Cloning and Western Blot

Total RNA was extracted from Ficoll gradient-isolated
PBMC using the Absolutely RNA miniprep kit
(Agilent Technologies, USA). mRNA was reverse tran-
scribed directly with Superscript Vilo cDNA synthesis
kit (ThermoFisher Scientific, Merelbeke, Belgium).
PCR was performed using Accuprime I Supermix
(ThermoFisher Scientific) and primers (5 ′-AGTC
GAAGTTACTCAGCCAACTCC-3 ′ and 5 ′ -TCTC
CATCAAGAAGTCCACAA-3′) in the region of interest
around exon 25 to 29 of DOCK2. PCR products were
analyzed by agarose gel electrophoresis and visualized
with GelRed staining (Biotium, Inc., Fremont CA,
USA). PCR-purified products (QIAquick PCR purifica-
tion kit, Qiagen, Hilden, Germany) were cloned using
the CloneJET PCR cloning ki t (ThermoFisher
Scientific). After transformation, pJET1.2 plasmids were
isolated with QIAprep Spin miniprep kit (Qiagen,
Hi lden, Germany) and sequenced at the LGC
Genomics Facility in Berlin, Germany. For Western blot,
EBV-B cells were lysed with RIPA buffer and immune
blotting was performed using anti-DOCK2 (R&D sys-
tems Minneapolis, MN, USA) and anti-GAPDH (Santa
Cruz Biotechnology, Heidelberg, Germany) antibodies.
Western blot images were captured and quantified with
a ChemiDoc MP imager and Image Lab software after
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adding Pierce ECL Western blot t ing subst ra te
(ThermoFisher Scientific).

EBV-B Cell Migration Assay and NK Cell Degranulation

Migration of EBV-B cells generated from healthy donors
or DOCK2-deficient patient towards different concentra-
tions of CCL20 (500 ng/mL, R&D Systems) or CXCL12
(1000 ng/mL, in-house produced and purified as de-
scribed by Gouwy et al. [17]) was determined using the
Multiscreen chemotaxis system as previously described
[18]. The Multiscreen plate (Millipore Corporation,
Billerica, MA, USA) is a disposable device with a 96-
well filter plate (5 μm pore size) and a 96-well receiver
plate. Cell migration occurs through the 96-well filter
plate in response to a chemotactic gradient. EBV-B cells
suspensions (100 μL in 96-well filter plate at a concen-
tration of 3.5 × 106 cells/mL) and test samples (150 μL in
96-well receiver plate) were diluted in RPMI medium
without phenol red and L-glutamine (Lonza, Basel,

Switzerland) supplemented with 0.1% BSA (endotoxin
free; Sigma, St Louis, MO, USA). After 4 h migration
at 37 °C, the upper 96-well filter plate was removed and
the cells in the lower receiver plate were quantified using
the luminescence ATP de tec t ion assay sys tem
(PerkinElmer Life). The chemotactic activity (CI) was cal-
culated by dividing the luminescence value of the test
sample by the luminescence value of the control buffer.
For NK cell degranulation analysis, PBMCs were thawed,
c o un t e d , a n d s e e d e d ( 2 × 10 6 /mL ) i n IMDM
(ThermoFisher Scientific) supplemented with 10% fetal
calf serum. After 3 h resting (37 °C, 5% CO2), PBMCs
were incubated or not (medium condition) 1:1 with hu-
man erythroleukemia K562 cells (2 × 106/mL). Both con-
ditions were supplemented with anti-CD107a-PE (BD
Biosciences, Erembodegem, Belgium). Twenty-three
hours after stimulation (37 °C, 5% CO2), PBMCs were
surface stained with anti-CD3 FITC (BD Biosciences),
anti-CD8 APC-H7 (BD Biosciences), and anti-CD56
APC (BD Biosciences). Samples were run on Canto II
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Fig. 1 Novel private bi-allelic mutation inDOCK2 in siblings with SCID
and residual thymus. Panel a represents the pedigree of the kindred under
study. Circles represent female members and squares male members. A
slash through a symbol represents a deceased person. Electropherograms
represent Sanger sequencing for evaluation of the segregation of the
identified DOCK2 mutation within the family. Patient II.6 is the index
patient (indicated with arrow). WT: wild-type, M: mutant, E?: no genetic
diagnosis. Panel b pictures the presence of a normal-sized thymus as
visualized by post-natal chest X-ray in II.6. Panel c shows the
evolutionary conservation of the nucleotide (red) affected by the
identified DOCK2 mutation. Nucleotides in light gray show changes

compared to H. sapiens nucleotide sequence (Chr 5: 169267755–
169267763). Panel d presents a graphic overview of allele frequency
and CADD score of published and identified DOCK2 mutations. MSC:
mutation significance cutoff. Patients (P1–P5) published in [10] and P6
published in [11] (green: frameshift mutations, blue: missensemutations).
P7–9 represent patients described in this study (red). Panel e presents a
schematic picture of DOCK2 protein domains and synopsis of disease-
causing DOCK2 mutations [10, 11], green: frameshift mutations, blue:
missense mutations; this study, red: splice region mutation. SH3: SRC
homology 3 domain, DHR: DOCKhomology region domain, AA: amino
acid
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and analyzed with FlowJo cell analysis software (FlowJo,
LLC, Ashland, OR, USA.).

Neutrophil Isolation Neutrophils and erythrocytes were sepa-
rated from PBMCs by density gradient centrifugation (400g,
30 min, 15 °C, without brake) on Pancoll separating solution
(density 1.077 g/mL; PAN Biotech, Aidenbach, Germany)
from EDTA peripheral blood samples. To remove erythro-
cytes, the neutrophil pellet was mixed with one volume of
phosphate-buffered saline (PBS; Lonza, Verviers, Belgium)
and one volume of 6% dextran (Sigma-Aldrich, St. Louis,
MO, USA) and erythrocytes were allowed to aggregate and
settle during 30 min at 37 °C. Supernatant was collected and
centrifuged (250g, 10 min, 15 °C). After washing the pellet
with PBS, the remaining erythrocytes in the neutrophil pellet
were lysed by hypotonic shock in distilled water for 30 s.
After centrifugation and another two washing steps, the neu-
trophils were suspended in PBS and counted in a hemocytom-
eter (> 95% neutrophils). Alternatively (patient II.5),
granulocytes were isolated using the EasySep™ Direct
Human Neutrophil Isolation Kit (StemCell Technologies,
Grenoble, France). Both neutrophil isolation steps correlated
perfectly in terms of neutrophil analysis afterwards (data not
shown) and the choice for either method was based upon the
number of samples to handle.

Neutrophil Actin Polymerization Assay Neutrophils (1 ×
106 cells/mL, 200 μL/well) were adhered on a poly-L-lysine
(100 μg/mL, Sigma)-coated 8-well EZ slide chamber
(Millipore) for 30 min at 37 °C. After adherence, the cells
were carefully washed with warm RPMI medium (Lonza,
Verviers, Belgium) supplemented with 2 mM HEPES
(ThermoFisher Scientific) and 0.5% human serum albumin
(Belgium Red Cross) and incubated with medium only or
10−8 M fMLF (Sigma-Aldrich, St. Louis, MO, USA) at
37 °C for 3 min. The reaction mixture was removed and cells
were immediately fixed for 15 min at room temperature (RT)
in 2% paraformaldehyde (200 μL/well). Following fixation,
the cells were washed twice with PBS supplemented with
0.01% Tween-20 (200 μL/well). Next, cells were perme-
abilized for 5 min at RT in 0.25% Triton X-100/PBS, washed
again and blocked (3%BSA + 5% normal goat serum (Sigma-
Aldrich, St. Louis, MO, USA) in PBS) for 20 min at RT. Cells
were then immediately stained for 30 min at RT in the dark
with rhodamine-phalloidin (0.17 μM; ThermoFisher
Scientific) and Hoechst (5 μg/mL). Following staining, cells
were washed twice with wash buffer, air-dried, and cover-
s l i pped w i th P roLong Go ld An t i f ade Reagen t
(ThermoFisher Scientific). Microscopic analysis was per-
formed using an inverted fluorescence microscope (Zeiss
Axiovert 200 M, 40× objective; Carl Zeiss, Jena, Germany)
using identical acquisition settings for all wells. The fluores-
cence intensity of polymerized actin was determined in 100

randomly picked cells/condition (Zeiss Axiovision software),
averaged, and expressed relative to the medium-treated cells.

Neutrophil Shape Change Assay 3 × 104 neutrophils
suspended in Hanks’ balanced salt solution (HBSS) contain-
ing 10 mM HEPES (without Calcium, Magnesium and
Phenol red, shape change buffer, ThermoFisher Scientific) in
a 96-well flat bottom plate were supplemented with 1 volume
pre-warmed shape change buffer or diluted chemoattractant
(10−7 M fMLF (Sigma-Aldrich, St. Louis, MO, USA) or
25 ng/mL CXCL8 (R&D Systems)). After 5 min of stimula-
tion, neutrophils were fixed with 100 μL of 4% formaldehyde
and two independent observers evaluated each condition in a
blinded manner. One hundred cells were counted microscop-
ically (magnification × 200) and divided into round cells, cells
with protrusions, and elongated cells as described previously
[19]. Finally, the average percentage of non-shape changed
perfectly round cells, and cells showing membrane protru-
sions and an irregular cell shape, were calculated [20].

Neutrophil Cytochrome c Reduction Assay 1 × 106 cells were
suspended in 1 mL of HBSS with Ca2+ and Mg2+ (Thermo
Fisher Scientific) and incubated in a 10 mm absorbance cu-
vette (Hellma, Müllheim Germany) upon continuous stirring
at 37 °C in the presence of 50 μM cytochrome c from equine
heart (Sigma). Neutrophil respiratory burst was induced by
100 ng/mL PMA 1 min after addition of cytochrome c. The
reduction of cytochrome c by extracellularly located superox-
ide was followed over a time course of at least 10 min by
measuring absorbance at 550 nm using Nanodrop™ Onec

(ThermoFisher Scientific).

Intracellular hydrogen peroxide (H2O2) production One milli-
liter of whole blood was used and erythrocytes were lysed in
ammonium buffer. After lysis, cells were washed with PBS
1X (ThermoFisher Scientific) and resuspended in 1 mL of
PBS, 200 μL of the cell suspension was transferred in 5 mL
round-bottom polystyrene tubes (Corning Inc., USA) and kept
at 37 °C in a 5% CO2 incubator throughout the experiment.
ROS production on neutrophils and monocytes was induced
by 4–40 and 400 ng/mL PMA in the presence of 150 μL of
dihydrorhodamine 123 (DHR 123) at 5 mg/mL (Sigma).
Twenty minutes after PMA treatment, cells were placed on
ice and DHR oxidation was measured by flow cytometry
using GalliosTM Flow Cytometer (Beckman Coulter, USA)
Data were analyzed with Kaluza Flow Cytometry Software
(version 1.2; Beckman Coulter).

Superoxide(O2
−) production by EBV-B cell lines O2

− produc-
tion was detected using the Superoxide Anion Assay Kit
(Sigma). 3.5 × 106 cells were collected and washed with
PBS. Cells were resuspended in 500 μL of assay medium
and distributed in dark 96-well plates. One hundred

J Clin Immunol (2019) 39:298–308 301



microliters of working solution containing Luminol reagent
with or without PMA at 400 ng/mL was added following the
manufacturer’s instructions. Quimio-luminescence was de-
tected during 2 h using Victor plate reader (Perkin Elmer).

Extracellular H2O2 Release by EBV-B Cells H2O2 release was
measured using Amplex Red method (ThermoFisher
Scientific). Thirty thousand cells were distributed in 96-well
plates and were incubated with AmplexRed reagent with or
without PMA at 400 ng/mL following the manufacturer’s in-
structions. Absorbance was measured using Victor plate read-
er at 590 nm every 30 min during 2 h.

Results

Clinical and Immunological Phenotype of the Affected
Children

The index case was the 6th child (patient II.6) of consanguin-
eous parents of Moroccan descent living in Belgium (Fig. 1a).
Patient II.6 was diagnosed at birth with leaky T−B+/−NK+

SCID according to Primary Immune Deficiency Treatment
Consortium (PIDTC) criteria [21] (detailed clinical presenta-
tion: Table S1). He suffered from extensive ulcerative perianal
dermatitis and presented with E. coli pyelonephritis. Awaiting
HSCT, he manifested Omenn syndrome according to PIDTC
criteria with IgE > 40,000 kU/L. He also had nephrotic syn-
drome. He died from ARDS and capillary leak syndrome as a
complication of engraftment syndrome despite treatment with
etanercept, tocilizumab, and high-dose steroids. Three of the
six siblings had been previously diagnosed with leaky SCID.
Patient II.2 succumbed to severe varicella zoster virus infec-
tion at 4 months of age. Patient II.4 died from acute respiratory
distress syndrome (ARDS) due to alveolar hemorrhage with
multi-organ failure at d + 17 following HSCT. Patient II.5 is
alive and well after matched sibling HSCTwithout condition-
ing. Interestingly, the affected siblings (II.4, II.5, and II.6,
information not available for II.2) had a small to normal-
sized thymus on post-natal ultrasound and chest X-ray
(Fig. 1b). The patients showed profound naïve T cell lympho-
penia and diminished B cell function and T cell proliferation
(Table S1). A genetic screening panel for known molecular
etiologies of SCID had been negative in II.4 in 2014. In par-
ticular, nomutations inCORO1A andCD3D, which result in a
PID with similar clinical presentation, were identified
[22–25].

Private Bi-allelic Mutation in DOCK2 in Three Siblings
with Leaky SCID

We performedWES on three affected (II.4–6) and one healthy
(II.1) sibling from the kindred. DNA from patient II.2 was not

available. Under the hypothesis that the disease was inherited
as an AR trait with complete penetrance and given the inci-
dence of SCID, we looked for bi-allelic variants with a cutoff
allele frequency of < 10−4 [26]. We identified a homozygous
variant in DOCK2 (5:169267759; c.2704-2 A > C) located at
an evolutionarily conserved nucleotide at the acceptor splice
site of intron 26 as shown by multiple sequence alignment
(Fig. 1c) and a combined annotation-dependent depletion
(CADD, 23.8) was higher than the mutation significance cut-
off (MSC; 3.313 for DOCK2). The effect of the identified
variant was predicted to disrupt the acceptor site (position −
2) of the start of exon 27 (Human Splice Finder and
NNSPLICE 0.9) [27, 28]. The identified variant allele was
not found in publicly available databases (dbSNP, ExAC,
and gnomAD as assessed in June 2018) or in the Human
Genetics of Infectious Diseases Lab in-house database of
4500 WES from patients with severe infect ions.
Furthermore, the variant identified in this kindred was distinct
from those detected in the six patients with AR DOCK2 defi-
ciency described to date (Fig. 1d, e, [10, 11]). The variant was
confirmed by Sanger sequencing and segregated with the clin-
ical and immunological phenotype in the kindred (Fig. 1a).
All data suggest that the homozygous variant is deleterious
and disease causing.

c.2704-2 A > C in DOCK2 Gives Rise to Alternative
Splicing and Causes Complete Loss of Expression
of DOCK2

The observed altered splicing products due to c.2704-2
A > C mutation from patient II.6 were visualized by aga-
rose gel electrophoresis after PCR amplification of exon
26–27 region (Fig. 2a). Skipping of exon 27 (33%) or re-
tention of 46 nucleotides of intron 26 (67%) was the alter-
native splicing products of DOCK2 characterized by PCR
cloning in PBMCs of patient II.6 (data not shown). These
alternative splice products were present together with the
wild-type transcript in I.1 (heterozygous carrier).
Immunoblot analysis showed that the splicing defects lead
to a complete loss of expression of DOCK2 in EBV-B cells
derived from patient II.6 (Fig. 2b).

Consistent with this loss of expression, patient II.6 EBV-B
cells (II.6) showed a lack of migration to the chemokines
CCL20 or CXCL12 compared to EBV-B cells generated from
healthy controls (HC, n = 2) (Fig. 2c). Expression of CCR6
and CXCR4, receptors for CCL20 and CXCL12 respectively,
on EBV-B cells from patient II.6 was comparable to control
EBV-B cells (data not shown, [29]). This indicates that im-
paired migration does not result from low or absent expression
of the chemokine receptors. Furthermore, in line with previous
observations [10], we observed aberrant degranulation of
DOCK2-deficient NK cells (II.6) upon stimulation with
K562 target cells (Fig. 2d, e) compared to NK cells from a
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healthy control, a healthy wild-type brother (II.1), and a het-
erozygous DOCK2 mutation carrier (I.1).

DOCK2 Deficiency Impairs F-Actin Polymerization
and Shape Change in Neutrophils

We next studied F-actin polymerization in neutrophils obtain-
ed from patient II.6 at age of 3 months, prior to commencing
conditioning for HSCT. DOCK2-deficient neutrophils
showed severely impaired F-actin polymerization upon
fMLF stimulation (Fig. 3a). F-Actin polymerization in neutro-
phils of II.5 2 years post-HSCTwas similar to that observed in
neutrophils from healthy controls, the heterozygous father
(I.1) of II.6 as well as a healthy sibling (II.1) not carrying the
familial DOCK2 mutation (Fig. 3a). Complementary to these
data, neutrophils from patient II.6 showed severely reduced
cell protrusions after stimulation with fMLF or CXCL8
(Fig. 3b, c). This profound defect was not present in the
transplanted sibling II.5. These data demonstrate that
DOCK2-deficient neutrophils have a defect in cytoskeletal
rearrangements and shape change, both of which are required
for neutrophil polarization and chemotaxis, at least in vitro.

O2
− Production Is Impaired in DOCK2-Deficient

Neutrophils and EBV-B Cells

O2
− production, as measured by cytochrome c reduction upon

PMA stimulation, was significantly reduced in DOCK2-
deficient neutrophils from patient II.6 compared to neutro-
phils from a healthy control (Fig. 4a). In contrast, H2O2 pro-
duction as measured by the DHR assay was similar for neu-
trophils for the healthy control, patient II.6, and a healthy
sibling not carrying the familial DOCK2 mutation (II.1)
(Fig. 4b). The same observation was made for monocytes
(Fig. S1). We also tested the respiratory burst in EBV-B cells,
which express NADPH oxidase complex albeit at a lower
level than neutrophils [30]. O2

− production as measured by
the Superoxide Anion assay, after PMA stimulation in EBV-
B cells, was severely reduced in patient II.6 compared to the
healthy control and resembled lack of O2

− production by
EBV-B cells from a patient with X-linked chronic granulo-
matous disease (Fig. 4c). Moreover, in patient II.6’s EBV-B
cells, the extracellular H2O2 production upon PMA stimula-
tion was delayed and reduced compared to healthy control as
measured by Amplex Red (Fig. 4d).
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agarose gel electrophoresis. HC: healthy control, AQ: negative water
condition, L: DNA Ladder. Panel b exhibits the DOCK2-specific
immunoblot analysis (one out of two representative experiments is
shown) of protein lysates from EBV-B cell from two healthy controls
(HC) and index patient II .6. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as protein-loading control. Panel c

shows absent migration in response to CCL20 (500 ng/mL) or CXCL12
(1000 ng/mL) in EBV-B cells of patient II.6 compared to EBV-
transformed B cell lines of healthy controls (HC, n = 2). P value
(Mann-Whitney test). Average chemotactic index is shown from three
independent experiments performed in triplicate Panel d, e shows
impaired NK lymphocyte degranulation, monitored by CD107a surface
expression on CD56+ cells, upon stimulation with K562 cells in patient
II.6 as compared to healthy control (HC), healthy brother (II.1), and
heterozygous DOCK2 mutation carrier (I.1) (n = 1). Percentage of
CD107a+CD56+ cells is depicted and noted in the blots
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Discussion

We report a kindred with AR DOCK2 deficiency caused by a
novel homozygous splice-site mutation leading to complete
loss of expression of DOCK2 protein. Early-onset severe viral
infections, T cell lymphopenia, and functional defects of T-,
B- and NK cells are the predominant immunophenotype of
DOCK2 deficiency (Table S1) [10, 11]. TRECs were absent in
two of the patients reported by Dobbs et al. [10] and in index
patient II.6. The DOCK2-deficient patients reported here all
fulfill the diagnostic criteria of leaky SCID or Omenn syn-
drome. Thymic shadow was present on chest X-ray, whereas
T cell lymphopenia in T−B+/−NK+ SCID conditions is usually
associated with a small or undetectable thymus [31]. Two
other (S)CID conditions with detectable thymus, Coronin-
1A deficiency [22, 23, 25], and CD3δ deficiency [24] have
been reported. Deficient emigration of mature thymocytes in
response to CCL19 has been reported in organ cultures of
Dock2−/−-deficient mice [7]. We hypothesize that the naïve

T cell lymphopenia in the presence of a thymus in DOCK2-
deficient patients results at least in part from the impaired
release of mature Tcells from the thymus due to dysregulation
of the actin cytoskeleton. DOCK2 deficiency should therefore
be considered in the differential diagnosis of SCID and of
Omenn syndrome.

Among the five patients included in the first report of hu-
man DOCK2 deficiency, one died of Klebsiella pneumoniae
sepsis at 20 months of age [10]. The authors suggested that
DOCK2 deficiency may also affect phagocytic cell function.
Dock2−/− mice are uniquely susceptible to Citrobacter
rodentium infection, with impaired recruitment of neutrophils
and macrophages to the infected organs, leading to death in a
significant proportion of mice [32]. In one of the patients
reported here, the extensive perianal dermatitis may allude to
a potential phagocyte dysfunction. The nephrotic syndrome
and the massive pulmonary inflammation with hemorrhage
and ARDS upon engraftment were also particular, though a
clear link with neutrophil dysfunction prior to HSCT is
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Fig. 3 Impaired actin polymerization and cell shape formation in
neutrophils from DOCK2-deficient patient II.6. Panel a presents the
normalized filamentous actin polymerization (F-actin) in unstimulated
neutrophils (white bar) or 10−8 M fMLF (gray bar) for 3 min followed
by fixation. Microscopic pictures were analyzed for mean fluorescent
intensity (MFI) of intracellular F-actin. Panel b shows the neutrophil

shape changes after stimulation (fMLF (10−7 M) or CXCL8 (25 ng/
mL)) compared to unstimulated cells. After 5 min, neutrophils were
fixed and changes in cell shape were evaluated microscopically. Two
hundred cells/condition were counted. Microscopic pictures from HC1
and II.6 are presented in panel c. PT: post-HSCT, US: unstimulated
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unclear. Nevertheless, the present study shows that human
DOCK2 deficiency leads to impaired F-actin polymerization
and shape change in neutrophi ls in response to
chemoattractants. These processes are essential for neutrophil
chemotaxis and migration. Due to sampling limitations, we
were unable to perform in vitro chemotaxis assays with neu-
trophils, but it is likely that these would also be impaired.
Indeed, similar results have been reported in Dock2−/− mice
and in human neutrophils treated with the DOCK2/5 inhibitor
CPYPP [16].

Next, we show an impaired respiratory burst activity in
neutrophils from patient II.6, as measured by cytochrome c
reduction after PMA stimulation. Reduced O2

− production
was also found in the patient’s EBV-B cells. On the other
hand, the DHR assay in DOCK2-deficient neutrophils and

monocytes from patient II.6 was normal in response to PMA
(Fig. 4b, Fig. S1). It is important to realize that the DHR
assay is a screening assay of respiratory burst activity and
not an absolute measurement of hydrogen peroxide produc-
tion, even more so when using only PMA as a stimulus [33].
The patient was off steroids at the time of sampling.
Moreover, the decreased cytochrome c reduction in EBV-B
cells suggests that the defect in respiratory burst activity in
the patient’s neutrophils is a not a secondary event. The
description of NADPH oxidase in EBV-B cells and mono-
cytes next to neutrophils is relevant as there may be differ-
ential expressivity of a phenotype depending on the cell type
studied.

Rac-GTP is part of the assembled NADPH oxidase
complex, which acts as a molecular switch to activate
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production by neutrophils after stimulation with PMA in cytochrome c
reduction assay. Analysis was run in duplicate for a healthy control (HC,
black) and for II.6 (red), indicated as traces HC1, HC2, and II.6.1 and
II.6.2 accordingly. Panel b shows the DHR oxidation after PMA
stimulation in neutrophils from healthy control (HC), patient II.6, and
healthy sibling II.1 measured via flow cytometry. White peaks are
unstimulated cells and gray peaks are stimulated cells. Panel c pictures

the superoxide production measured by Luminol assay in EBV-B cells
after PMA stimulation from healthy control (HC), patient II.6, and from a
patient with chronic granulomatous disease (CGD, negative control). One
representative experiment out of two is shown. Panel d presents the H2O2

release after PMA stimulation in EBV-B cells from a healthy control
(HC), patient II.6, and from a patient with chronic granulomatous
disease (CGD, negative control) using the Amplex Red assay. One
representative experiment out of two is pictured
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one of the oxidase subunits, p67phox (NCF2) [34, 35].
Thus, impaired activation of Rac in absence of DOCK2
leads to reduced NADPH oxidase activity by affecting the
catalytic activity of the enzyme. We can also presume that
due to incomplete activation of Rac and perhaps other
small GTPases, the cytoskeleton rearrangement may differ
in DOCK2-deficient neutrophils and EBV-B cells as com-
pared to control cells, leading to impaired accumulation of
active NADPH oxidase complexes at the cell surfaces and
giving rise to the observed impaired respiratory burst at
least in vitro. How/if the cytoskeleton regulates enzyme
assembly is less well understood. Another possible expla-
nation is the site of O2

− detection. DHR is oxidized intra-
cellularly, whereas all other assays used for this project
detect oxidase activity extracellularly [30]. Altogether,
these data support a role for DOCK2 and the DOCK2-
Rac axis and the actin cytoskeleton in the O2

− forming
respiratory burst activity following stimulation of GPCRs.
Unfortunately, we were not able to study the respiratory
burst activity in response to other stimuli due to the pa-
tient’s critical clinical situation and start of conditioning
regimen. Indeed, NADPH oxidase activity in response to
complement opsonized bacteria may well be normal as
these stimuli are expected to activate VAV family and
other GEFs via non-G protein-coupled receptors [4, 9].
The clinical phenotype in DOCK2 deficiency is far less
suggestive of neutrophil dysfunction than the phenotype
of patients with dominant negative mutations in RAC2,
who present with omphalitis and soft tissue abscesses,
probably due to the dominant negative RAC2 protein af-
fecting also the GTPase activity of the ubiquitously
expressed RAC1 [34–37]. Interestingly, the neutrophil
dysfunction phenotype was also modest in two patients
with homozygous loss-of-function mutations in RAC2
[38]. Nevertheless, it is prudent to take the at least par-
tially impaired neutrophil chemotaxis and respiratory
burst activity into account in DOCK2-deficient patients.
Finally, the finding of neutrophil dysfunction in human
DOCK2 deficiency confirms the impact of deleterious
mutations in genes related to the actin cytoskeleton on
the normal function of human myeloid and lymphoid im-
mune cells [8, 34–37, 39–46].
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