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Abstract Mutations in DOCKS result in autosomal recessive
Hyper-IgE syndrome with combined immunodeficiency
(CID). However, the natural course of disease, long-term
prognosis, and optimal therapeutic management have not yet
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been clearly defined. In an international retrospective survey
of patients with DOCKS$ mutations, focused on clinical pre-
sentation and therapeutic measures, a total of 136 patients with
a median follow-up of 11.3 years (1.3-47.7) spanning 1693
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patient years, were enrolled. Eczema, recurrent respiratory
tract infections, allergies, abscesses, viral infections and mu-
cocutaneous candidiasis were the most frequent clinical man-
ifestations. Overall survival probability in this cohort [cen-
sored for hematopoietic stem cell transplantation (HSCT)]
was 87 % at 10, 47 % at 20, and 33 % at 30 years of age,
respectively. Event free survival was 44, 18 and 4 % at the
same time points if events were defined as death, life-
threatening infections, malignancy or cerebral complications
such as CNS vasculitis or stroke. Malignancy was diagnosed
in 23/136 (17 %) patients (11 hematological and 9 epithelial
cancers, 5 other malignancies) at a median age of 12 years.
Eight of these patients died from cancer. Severe, life-
threatening infections were observed in 79/136 (58 %); severe
non-infectious cerebral events occurred in 14/136 (10 %).
Therapeutic measures included antiviral and antibacterial pro-
phylaxis, immunoglobulin replacement and HSCT. This study
provides a comprehensive evaluation of the clinical phenotype
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of DOCKS deficiency in the largest cohort reported so far and
demonstrates the severity of the disease with relatively poor
prognosis. Early HSCT should be strongly considered as a
potential curative measure.

Keywords DOCKS deficiency - combined
immunodeficiency - hyper-IgE syndrome - natural outcome
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Introduction

In 1966, Davis et al. described two girls suffering from
“cold”staphylococcal abscesses, eczema and chronic pul-
monary disease, naming this entity “Job’s syndrome”.
Six years later, Buckley, et al., recognized extreme
hyperimmunoglobulinemia E in the same underlying syn-
drome and the term Hyper-IgE syndrome (HIES) was
established [1, 2]. Most of these patients represented single
cases, but some were found to have pedigrees suggestive of
autosomal dominant inheritance [3]. In 2007 signal transducer
and activator of transcription 3 (S7473) was identified as the
causative gene of autosomal dominant HIES [4—6]. In 2004,
Renner et al. had reported an autosomal recessive variant of
the HIES characterized by a cellular immunodeficiency pre-
disposing to cutaneous viral infections but lacking the char-
acteristic skeletal abnormalities of autosomal dominant HIES
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[7]. Bi-allelic mutations or deletions in dedicator of cytokine-
sis 8 (DOCKS) were later reported to be responsible for this
combined immunodeficiency (CID) with elevated IgE [8, 9].
The patients in these initial descriptions exhibited a severe
disease phenotype including malignancies and early death in 8
of the 38 reported patients [7-9].

No controlled studies exist on the effectiveness of specific
treatment approaches for DOCKS deficiency. The profound
CID necessitates immunoglobulin (Ig) replacement and anti-
biotic prophylaxis. The role of prophylaxis against recurrent
viral infections, one of the hallmarks of the disease, is unclear.
Systemic treatment with interferon-o 2b has been suggested in
three recent reports as treatment for recurring warts or severe
herpes simplex virus (HSV) manifestations [10—12]. Several
case reports have suggested that successful allogeneic hema-
topoietic stem cell transplantation (HSCT) can correct the
immunodeficiency due to lack of DOCKS function [13—18].
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Recently, a new variant of autosomal recessive HIES with
neurological impairment has been associated with
hypomorphic mutations in a critical glycosylation pathway
gene, PGM3 [19].

Since the first description of DOCKS deficiency in 2009,
laboratory evidence has accumulated allowing a better under-
standing of the pathophysiology underlying the CID, which
affects B-cells, NK-cells, and various T-cell subsets [11,
20-22]. Specifically, CD8 T cells of DOCKS8-deficient pa-
tients display impaired activation, proliferation and cytokine
production, and NKT cells are reduced and their function
impaired [8, 9, 20]. DOCKS is also critical for NK cell function
and plasmacytoid dendritic cell development [11, 22].

In order to understand and define the extended clinical and
immunological phenotype of DOCKS8 deficiency and to es-
tablish the natural course of the disease - not taking into
account potentially curative early intervention by HSCT - we
initiated a retrospective worldwide survey enlisting the Inborn
Errors Working Party of the European Group for Blood and
Marrow Transplantation (EBMT) and the Registry of the
European Society for Immunodeficiencies (ESID). The results
of this comprehensive clinical and immunological review of
DOCKS deficiency are presented here.

Methods
Data Accrual

Anonymized case report forms asking for retrospective data
retrieved from patients’ charts were sent out via the mailing
list of the inborn errors working party of the EBMT (http://
www.ebmt.org/Contents/Research/TheWorkingParties/
IEWP/Pages/Inborn-Errors.aspx) and were posted on the
ESID website (www.esid.org). Major centers known to treat
patients with DOCKS deficiency were contacted directly. The
cut-off date for data collection was Dec 31st 2012. This study
also used the ESID Online Database for data acquisition
(www.esid.org). The study was registered and received a
waiver of approval by the ethics committee of the Ludwig-
Maximilians-University of Munich, Germany.

Patients

All submitted patient data were evaluated and patients were
included as study patients by consensus decision of a central
review board at the main study center (M.H.A., S.E.A.). Of the
138 case report forms that were submitted, two had to be
excluded from the study due to incomplete data. To be enrolled
into the final study, patients had to have confirmed bi-allelic
mutations or deletions affecting the DOCKS gene. If patients
had undergone allogeneic HSCT, the date of transplantation
was recorded as the last date of follow-up. Analysis of HSCT

@ Springer

and resulting outcome as well as detailed analysis of genetic
alterations within DOCKS were not part of this study. Partial
information on 57 patients has been previously published else-
where [8, 9, 13, 14, 16,23-27] and 47 patients are also part of a
separate study by Engelhardt et al. (accepted for publication in
the Journal of Allergy and Clinical Immunology).

Definitions

Life threatening infections were defined as sepsis, meningitis,
or pneumonia requiring hospitalization; in the case of pneu-
monia the need for supplemental oxygen or mechanical ven-
tilation were noted. Other serious events were diagnosis of a
cerebral event (stroke, vasculitis, encephalitis), malignancy or
death. If a patient experienced more than one serious event,
only the first event was registered for the analysis of event free
survival.

Ig replacement, antivirals, antifungals and antibiotic pro-
phylaxis were defined as having had these medications more
than once for any period of time.

Statistical Analysis

Kaplan Meier survival estimates and cumulative incidence
rates were compared using the log rank test (Prism, GraphPad,
LaJolla, CA, USA). Cumulative incidence for different events
adjusting for competing risks was estimated using the statis-
tics language R 30 with the cmprsk package employing the
method by Gray et al. [28]. Other analyses utilized the chi
square or Fisher exact test and were accepted as significantly
different at a level of p<0.05.

Results
Patients

Data from 136 patients (75 female, 61 male) from 94 families
with homozygous or compound heterozygous mutations/
deletions affecting the DOCKS gene were evaluable. Median
age at last follow-up was 11.3 years (1.3—47.7) resulting in an
observation time of 1693 patient years. A total of 99 patients
were from known consanguineous families, and consanguin-
ity was suspected in 15 additional patients who carried homo-
zygous DOCKS alterations. A wide variety of ethnicities were
represented, with the majority being of Turkish (38 %) and
Arabic (27 %) origin.

Clinical Phenotype

In order to define the clinical phenotype of DOCKS8 deficien-
cy, we recorded symptoms and serious disease related
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Table 1  Clinical symptoms in the patient cohort. Number of patients
affected by the respective symptom/complication given in the shaded
lines. Some patients had events in multiple sub-categories so that absolute
numbers in the non-shaded lines may be higher than in the shaded lines

Symptoms Number of %
patients
affected

Eczema 134/136 99 %
generalized 128/134 96 %
difficult to treat 73/134 57 %

Recurrent 124/136 91 %

respiratory
infections

Allergies 97/136 71 %
food 82/97 85 %
asthma 52/97 54 %
rhinitis 22/97 23 %
anaphylaxis 16/97 16 %
drugs 9/97 9 %
urticaria 3/97 3%
Other causes/ 17/97 18 %

manifestations*

Abscesses 84/136 62 %
skin 70/84 84 %
internal organs 6/84 7 %
intracranial 4/84 5%
not specified 4/84 5%

Life-threatening 79/136 58 %

infections
bacterial 33 42 %
organism
viral 18 23 %
fungal 13 16 %
protozoan 1 1%
unknown 14 18 %
Organ system pneumonia 25/79 32 %
sepsis 23/79 29 %
cerebral 17/79 22 %
osteomyelitis 8/79 10 %
not specified 6/79 8 %

Viral infections 109/135 81 %
HSV 68/109 62 %
HPV 43/109 40 %
molluscum 40/109 37 %
A\AY% 25/109 23 %
EBV 22/109 20 %
CMV 15/109 14 %
other 14/109 13 %

Fungal 87/136 64 %

infections
Candida 80/87 92 %
mucosa  52/87 65 %
skin 19/87 24 %
nails 16/87 20 %

Table 1 (continued)

Symptoms Number of %
patients
affected
systemic 7/87 9 %
other 6/87 8 %
Aspergillus 10/87 11 %
other 8/87 9 %
Sclerosing 7/136 5%
cholangitis
Failure to thrive ~weight or height 67/136 50 %
weight and height 52/67 78 %
Cerebral event 14/136 14 %
vascular (including 2 8/14 57 %
aneurysms)
malignant 3/14 21 %
encephalopathy 3/14 21 %
brain and optic nerve 1/14 7%
atrophy
Malignancy 23/136 17 %
hematological 11/23 48 %
epithelial 9/23 39 %
other 523 22 %
Autoimmunity 17/136 13 %
vasculitis 8/17 47 %
other 6/17 35 %
ATHA 5n17 29 %
nephropathy 1/17 6 %
Bronchiectasis 54/124 44 %
Pneumatoceles 4/134 3%
Deaths 34/136 25 %
Causes of infection 17/34 50 %
death:
malignancy 9/34 26 %
vasculitis 2/34 6 %
progressive multifocal 2/34 6 %
leukencephalopathy
unknown 4/34 12 %

*other causes: weeds, animals, latex, house-dust, environmental allergies,
candida; other manifestations: conjunctivitis, eosinophil esophagitis

complications that were retrieved by retrospective chart re-
view by the submitting physicians (Table 1).

Eczema, recurring respiratory and persistent viral infec-
tions - mostly but not exclusively of the skin - were the clinical
hallmarks of the disease, occurring in 99, 91 and 80 % of
patients. Allergies (71 %) — 85 % of those to food allergens —
and abscesses (60 %) were also frequently reported. The CID
associated with DOCKS deficiency led to a high incidence of
life-threatening infections, which were reported for 58 % of
patients. These were mostly sepsis (29 %), pneumonia (32 %)
or cerebral infections (22 %). A wide range of bacterial, viral
and fungal organisms were identified as having caused these
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Table 2 Microorganisms identified as causative in patients with life-
threatening infections. Some patients had none, several had multiple
organisms identified even within the same infectious episode,
explaining a higher total number for infectious organisms than for life-
threatening infections in Table 1

Bacterial n= Viral n= Fungal/other

15
13

CMV
EBV
\7AY
HSV
Rotavirus

Staphylococcus aureus Aspergillus
Candida

Pneumocystis

Streptococcus pneumoniae
Haemophilus influenzae

Pseudomonas aeruginosa

9
2
2
1 Cryptosporidium
1

Proteus mirabilis Cryptococcus
Enterococcus

Neisseria meningitidis

[ S S R S R e

Salmonella spp

other Staphylococcus
Moraxella

Listeria

Escherichia coli

Leuconostoc

O S S —,

Mycobacterium
tuberculosis

infections (Table 2). Bronchiectasis was frequently diagnosed
(44 %), while pneumatoceles were rarely reported (3 %).

There was also a striking preponderance of non-infectious
cerebral complications with 15 episodes in 14 of 136 patients
(15 %). Three of these events were caused by malignancies
affecting the CNS, 8 were associated with vascular disease and
4 had other causes (3 undefined encephalopathy, 1 optic nerve
and brain atrophy). There was also a strong trend to develop
malignancies, which occurred in 23 of 136 patients (17 %) at a
median age of 12 years. Failure to thrive was reported in 50 % of
patients. The most frequent autoimmune manifestations (13 %
of patients) were vasculitis and autoimmune hemolytic anemia.
Autoimmune gastrointestinal manifestations were not reported.
Table 1 summarizes the clinical symptoms of the study cohort.

The skin is one of the major organs affected by DOCKS
deficiency. Nearly all patients (99 %) exhibited some degree of
eczema and 84 % had skin abscesses. Often this was aggravated
by mucocutaneous candidiasis, which was reported by 53 % of
patients. Recurring HSV and molluscum infections were ob-
served in 62 and 37 % of patients, respectively. Nine (39 %) of
the reported malignancies were tumors of the skin.

Immunological Phenotype

Because there is a clinical need to distinguish DOCKS defi-
ciency from non-mendelian, severe atopic disease by one or
more discerning laboratory markers, a number of
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";:. :'..

eosinophils lymphocytes
100000 . 15000
- .
100 o TR . .
T v T v " A —
0 10 20 30 40 50 0 10 20 30 40 50
age (years) age (years)
CD4 CcD8
5000 2500
4000 2000
3000
3
20004 "

l.-. .
10001 ayes

2

L WA, . ol S S
T  : T T T J UF T T T T "
0 10 20 30 40 50 10 20 30 40 50
age (years) age (years)
lgG IgA
4000 1000
2000 . 800:
- " 5 600
20009+ * . ° ¢ *
E oo JiEE E
to00f e’ et )
. -
"0 0 20 30 40 50 20 30 40 50
age (years) age (years)

mg/dl

ity . r "
0 10 20 30 40 50
age (years)
CD19 CD16/56
4000
30004 .
2000+,
CH
10004+ %%5f *
N . .
P T S
: s .-.,f.?\.‘{'. 23 . ey a
0 10 20 30 40 50 20 30 40 50
age (years) age (years)
IgM IgE
300 100000 . %
- P 4..'}". Y
o 100009, 3 misfus .,
200 Y ot AT
. 100
rdeg .
T T T J 10 T T T T 3
20 30 40 50 10 20 30 40 50

age (years) age (years)

Fig. 1 Age dependent laboratory results as recorded at the last follow-up, except for IgG, which was before initiation of IVIG treatment. Grey shaded

areas represent age dependent normal levels
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immunologic parameters were recorded at the last follow-up
visit to define the immunological phenotype of the disease for
different age groups.

As expected, almost all patients had a highly elevated IgE
level at last follow-up (98 %) with a median level of 2175 IU/
ml (range 38—78.100); only three patients (2 %) were reported
to have normal IgE levels when evaluated at 5, 11 and 26 years
of age. While absolute eosinophil counts were elevated in
most patients (96 %), other white blood cells were less strik-
ingly affected. Total lymphocyte counts were below the lower
normal margin of their respective age group in 20 % of
patients. T-lymphocyte subsets (CD3, CD4, CDS8) and NK
cells (CD16/56) were decreased in 41, 45, 38 and 28 % of
patients, respectively; decreased B-cells (CD19) were seen in
12 % of patients (Fig. 1).

In vitro lymphocyte stimulation was performed in 77 pa-
tients; it was reduced by local standards in 82 % of patients
while normal in 18 %.

IgG (in the absence of Ig replacement) tended to be either
normal or elevated and IgA levels were usually within the
normal range. IgM, which was below the normal range in
64 % of patients seems to decline with age in DOCKS-
deficient patients as it was decreased in 90 % of patients
>12 years of age (Fig. 1).

Eosinophilia, low T-cell counts, elevated IgE and low and
declining IgM levels were the most prominent laboratory
features of DOCKS8 deficiency.

Treatment/Prophylaxis

Because prospective evaluation of the effectiveness of certain
therapeutic measures was impossible in this retrospective
study, we aimed to identify the therapeutic approaches chosen
by the treating physicians by asking for the antiviral, antibac-
terial, Ig replacement and immunomodulatory treatment
regimens.

Of the 87/136 patients (64 %) who received regular
Ig prophylaxis, 57 % were considered to be effectively
treated by their local physicians. Antibiotic prophylaxis
(mostly cotrimoxazole) was instituted in 92/136 patients
(68 %). Of 136 patients, 28 (21 %) received antiviral
prophylaxis, 26 with (val-) acyclovir, judged by their
physicians to be effective in 69 %. Only 14 patients
received antifungal prophylaxis, mostly with fluconazole
(n=6) or itraconazole (n=5). Immunomodulatory treat-
ment was applied in 32 patients. Interferon-o, which
has recently been reported to be effective in the control
of severe HSV and recurrent warts was given to 14
patients and considered effective in 43 %. Treatment/
prophylaxis data are detailed in Table 3.

As oflast follow-up, 36 patients had received an allogeneic
HSCT. Detailed analysis of transplant procedures and out-
comes is currently underway.

Table 3  Prophylaxis and specific treatment. Prophylaxis and specific
treatment as reported for the study cohort, excluding treatment for acute
complications such as severe infections. Efficacy was appraised solely by
the treating physician without specific efficacy criteria

Prophylaxis/ Number of Efficacy
treatment patients treated
(of 136)
Ig replacement total 87 yes: 50 (57 %)
no: 17
no info: 20
Antibiotic total 92
prophylaxis
cotrimoxazole 70 yes: 24 (34 %)
no: 19
no info: 27
amoxicillin 5 yes: 4
no: 1
cephalosporins 4 yes: 3
no info: 1
other 13 yes: 4
no info: 9
Antiviral total 28
prophylaxis
(val-) acyclovir 26 yes: 18 (69 %)
no: 4
no info: 4
cidofovir 2 yes: 1
no: 1
Antifungal total 14
prophylaxis
fluconazole 6 yes: 2
no info: 4
itraconazole 5 yes: 3
no: 2
other 3 yes: 2
no:1
Immunomodulatory total 32
treatment
interferon o 14 yes: 6 (43 %)
no: 6
no info: 2
interferon f3 1 no info: 0
interferon y 2 no: 1
no info: 1
cyclosporine 3 yes: 2
no: 1
imiquimod 9 yes: 5
no: 2
no info: 2
other 3 yes: 5
no: 2
no info: 2
Natural History

In order to assess the clinical severity and natural history of
DOCKS deficiency, we calculated overall and event-free
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Fig. 2 Overall (A) and event free
(B) survival of the entire study
cohort. DOCK8-deficient patients
who had a HSCT were censored
at the date of transplant. Events
were defined as: life-threatening
infection, cerebral event (stroke,
vasculitis, encephalitis),
malignancy or death. |: censored

>

1001

759

50

percent surviving

259

0

Overall survival

Event free survival
100+

759

501

percent surviving

259

event 0

#atrisk: 136 7

survival of the entire study cohort independent of potentially
curative therapy by allogeneic HSCT. Transplanted patients
were not excluded from the survival analysis, but their follow-
up was censored on the date of HSCT.

Overall probability of survival at 10, 20 and 30 years was
87 % (95 % confidence interval 79-93 %), 50 % (35-64 %)
and 37 % (20-53 %), respectively (Fig. 2A). Defining serious
disease-related events as outlined above resulted in event free
survival probabilities at 10, 20 and 30 years of 46 % (95 %
confidence interval 36-56 %), 21 % (8-28 %) and 4 % (0—
11 %), respectively (Fig. 2B). Cumulative incidences for life-
threatening infections, cerebral events and malignancies over
time were calculated as 52 % (95 % confidence interval 42—
67 %), 10 % (4-16 %) and 6 % (1-11 %) at 10 years; 73 %
(61-85 %), 18 % (9-27 %) and 31 % (1844 %) at 20 years;
and 88 % (75-100 %), 32 % (7-57 %) and 48 % (7-79 %) at
30 years, respectively (Fig. 3). Thirty-four patients (25 %) had
died, mostly from infections and malignancy. The causes of
death are detailed in Table 1 and supplemental Table 1.

In summary, DOCKS deficiency is a profound CID with
severe skin and lung features and a high risk of malignancy,
which results in serious complications and premature death in
the majority of patients.

Discussion

This international multicenter study offers a comprehensive
clinical and immunological description of the largest cohort of
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DOCKS8-deficient patients to date. It confirms previous re-
ports of DOCKS8 deficiency, which results in a mostly severe
CID with a striking resemblance of severe atopic disease. It
was originally classified as an autosomal recessive variant of
HIES, sharing clinical features with other CIDs such as
Wiskott-Aldrich syndrome and STK4/MST1 deficiency [27,
29-31]. This study also provides robust data supporting the
clinical significance of the CID caused by DOCKS deficiency.
Most importantly, DOCKS deficiency causes markedly excess
premature mortality, with a median survival of only 20 years
even with extensive supportive therapies such as prophylactic
antimicrobial chemotherapy or Ig replacement. As a result of
the high morbidity and the resulting reduced quality of life, the
current consensus within the immunological community is to
offer allogeneic HSCT to all patients, preferably early in their
disease course. This review confirms the wisdom of that
consensus. A number of reports indicate that the outcome of
HSCT using related, unrelated or mismatched related donors
is favorable [13—17, 25, 32]. A separate study on behalf of the
Inborn Errors Working Party of the EBMT is currently eval-
uating the outcome of HSCT in DOCKS8-deficient patients.
Given the distinct clinical phenotype of DOCKS deficien-
cy, which is characterized by eczema, recurrent bacterial skin
and lung infections, chronic viral skin infections, and severe
allergies in combination with a cellular immunodeficiency
and increased risk for malignancy, it would seem straight-
forward to diagnose affected patients early. There is, however,
considerable overlap with other PIDs and DOCKS deficient
patients with rather mild and atypical phenotypes have been
described. Since genetic testing is rather arduous given the
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size of the DOCKS gene, recent descriptions of flow
cytometry-based assays to detect the DOCKS protein may
be helpful in screening patients [32, 33]. Of course, mutations
that allow for expression of a non-functional DOCKS protein
may be missed. Targeted next generation sequencing based
genetic evaluation has also been described in the diagnosis of
DOCKS deficiency [34].

Patients with the autosomal dominant variant of HIES
caused by STAT3 mutations frequently exhibit signs of con-
nective tissue disease such as skeletal abnormalities or
pneumatoceles [4], features virtually absent in this DOCKS8
cohort. Also, STAT3 deficient patients lack the profound
immunodeficiency found in DOCKS deficiency [35]. Al-
though the Wiskott-Aldrich syndrome shares remarkably
many clinical features with DOCKS deficiency such as ecze-
ma, allergies, severe infections, autoimmunity and increased
risk for malignancy, it can easily be differentiated by the
accompanying thrombocytopenia [36]. Consistent with this
phenotypic similarity, a recent study highlighted that DOCKS8
interacts with the Wiskott-Aldrich syndrome protein (WASP)
forming a macromolecular complex that is important for NK
cell effector function [21]. Even though one report has shown
that DOCKS8 deficient patients can exhibit reduced T-cell
receptor excision circle (TREC) numbers later in life [24],
DOCKS deficiency cannot be reliably diagnosed by TREC-
based newborn screening; it still requires clinical vigilance
and appropriate laboratory investigation. Increased awareness
of the extended clinical and immunological phenotypes of
DOCKS deficiency may help in diagnosing patients with
unusually mild phenotypes [37].

Immunological data collected in this study define DOCKS
deficiency as a disease associated with CID, eosinophilia, very
high levels of IgE and varying degrees of T-cell lymphopenia
and IgM serum levels that decrease with age. The strong
predisposition towards viral infections may be explained in
part by the role DOCKS plays in peripheral CD8 T, NKT and
NK cell survival and function, as well as dendritic cell migra-
tion and formation of the lytic immunological synapse [20, 22,
26, 38]. The failure of DOCKS deficient patients to mount
effective and long-lasting antibody responses can be ex-
plained by the fact that the DOCKS8 protein acts as an adaptor
molecule in B-cell signaling leading to the generation of
memory B-cells [39].

Of note, three patients never had elevated IgE levels, but
their phenotype did not differ from the rest of the cohort; all
suffered from severe infections. One of the three died at 5 years
from malignancy; the others were alive at 11 and 26 years,
respectively. All had large deletions in the DOCKS gene.

As a retrospective study, this report has its limits. However
in the absence of a prospective registry for DOCKS8-deficient
patients, the formal assessment of the clinical and immuno-
logical phenotype reported here will not only facilitate estab-
lishing the diagnosis of DOCKS8-deficiency, but will also be

useful for the design of prospective studies with the aim to
establish optimal treatment protocols. Some reporting bias
cannot be excluded since presumably they were mainly pa-
tients with a phenotype consistent with HIES who were tested
for DOCKS deficiency, thus possibly missing atypical or very
mild phenotypes. On the other hand, severely affected family
members who had died before a molecular diagnosis was
possible were not included, which might underestimate the
severity of the clinical phenotype. It is likely that poor out-
comes in the past could be improved upon with earlier
initiation of better medical care available today. However,
with more patients being transplanted at earlier ages, it will
become increasingly difficult to assess the natural history of
DOCKS deficiency in such a large cohort.

In summary, by comprehensively evaluating the clinical
phenotype of DOCKS deficiency in a large international co-
hort, this study demonstrates the severe morbidity and mor-
tality of this disease. These data will help in making early
diagnoses of DOCKS deficiency, enabling timely HSCT or -
possibly in the future - stem cell gene therapy.
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