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Abstract
BACKGROUND—Recurrent sinopulmonary and cutaneous viral infections with elevated serum
levels of IgE are features of some variants of combined immunodeficiency. The genetic causes of
these variants are unknown.

METHODS—We collected longitudinal clinical data on 11 patients from eight families who had
recurrent sinopulmonary and cutaneous viral infections. We performed comparative genomic
hybridization arrays and targeted gene sequencing. Variants with predicted loss-of-expression
mutations were confirmed by means of a quantitative reverse-transcriptase –polymerase-chain-
reaction assay and immunoblotting. We evaluated the number and function of lymphocytes with the
use of in vitro assays and flow cytometry.

RESULTS—Patients had recurrent otitis media, sinusitis, and pneumonias; recurrent
Staphylococcus aureus skin infections with otitis externa; recurrent, severe herpes simplex virus or
herpes zoster infections; extensive and persistent infections with molluscum contagiosum; and
human papillomavirus infections. Most patients had severe atopy with anaphylaxis; several had
squamous-cell carcinomas, and one had T-cell lymphoma –leukemia. Elevated serum IgE levels,
hypereosinophilia, low numbers of T cells and B cells, low serum IgM levels, and variable IgG
antibody responses were common. Expansion in vitro of activated CD8 T cells was impaired. Novel
homozygous or compound heterozygous deletions and point mutations in the gene encoding the
dedicator of cytokinesis 8 protein (DOCK8) led to the absence of DOCK8 protein in lymphocytes.

CONCLUSIONS—Autosomal recessive DOCK8 deficiency is associated with a novel variant of
combined immunodeficiency.

Inherited susceptibility to viral infections, especially by herpesviruses, occurs in patients who
have developmental defects of T cells, such as severe combined immunodeficiency; disorders
involving cell killing by cytotoxic lymphocytes, such as hemophagocytic lymphohistiocytosis
and X-linked lymphoproliferative disease; and impaired type I interferon production.1,2
Several other conditions confer susceptibility to human papillomavirus infections or
molluscum contagiosum.3–6
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The hallmarks of severe combined immunodeficiency are impaired T-cell function and a severe
deficiency of T cells. In some forms of the disease, there are also low numbers of or
dysfunctional B cells and natural killer cells. The molecular defects in severe combined
immunodeficiency are diverse,1,7–13 and forms of the disease that are caused by residual gene
activity or partial T-cell immunodeficiencies (e.g., the Wiskott–Aldrich syndrome) can feature
skin diseases with elevated levels of IgE and hypereosinophilia.14,15

We describe 11 patients who had a combined immunodeficiency with low numbers of T, B,
and natural killer cells, extensive cutaneous viral infections, and susceptibility to cancer. These
patients had loss-of-function mutations in an uncharacterized gene, dedicator of cytokinesis 8
(DOCK8), which is expressed in lymphocytes.

METHODS
CELLS

We isolated subgroups of T cells from peripheral-blood mononuclear cells by negative
selection, using magnetic bead isolation and then stimulation with anti-CD3 plus anti-CD28
antibodies (1 μg per milliliter) and cultured in interleukin-2 (for details, see the Supplementary
Appendix, available with the full text of this article at NEJM.org). B cells were immortalized
with the Epstein–Barr virus, and T cells with herpesvirus saimiri (HVS), according to standard
protocols.

COMPARATIVE GENOMIC HYBRIDIZATION ANALYSES
Comparative genomic hybridization analyses were performed with 244K arrays with the use
of the Agilent platform, according to the manufacturer’s instructions. Modifications of the
process are described in the Supplementary Appendix.

DNA SEQUENCING
Sequencing of genomic DNA was performed after polymerase-chain-reaction (PCR)
amplification of exons with their flanking intronic or untranslated regions. (Primer sequences
are listed in Table 1 in the Supplementary Appendix.) Point mutations were confirmed in a
second PCR amplification reaction, and frameshift mutations were confirmed after cloning.
Novel variants that were identified in the 11 index patients were sought in 6 patients with
autosomal dominant hyperimmunoglobulin E syndrome (HIES), in 32 patients with other
immunologic diseases, in 15 healthy blood donors of various ethnic backgrounds, and in 100
healthy white control subjects.

IMMUNOBLOTTING
Cytosolic lysates were prepared according to standard methods, followed by separation on 3
to 8% TRIS-acetate gels (Invitrogen) and transfer onto nitrocellulose. Proteins were detected
with the use of polyclonal rabbit anti-DOCK8 antibodies (Sigma-Aldrich or donated by Dr.
Ruusala, Ludwig Cancer Institute, Uppsala, Sweden16) or mouse anti–β-actin antibodies
(Sigma-Aldrich) on the same blot. (For details, see the Methods section in the Supplementary
Appendix.)

FLOW CYTOMETRY
Standard flow-cytometric methods were used for staining of cell-surface markers and
carboxyfluorescein succinimidyl ester (CFSE) dilution assays. Cells were harvested for CFSE
analysis after 3 days of culture under conditions of stimulation or no stimulation with anti-CD3
plus anti-CD28 antibodies. (See the Supplementary Appendix for additional details.)
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RESULTS
CLINICAL FINDINGS

The patients and their relatives were enrolled in research protocols that were approved by the
institutional review board of the National Institute of Allergy and Infectious Diseases. All study
subjects provided written informed consent. The clinical features of Patient 1 in Family 3,
Patients 1 and 2 in Family 4, and Patients 1 and 2 in Family 8 have been described previously.
5,17,18 We initially studied three patients (the index patients from Families 1, 2, and 3) from a
group of patients with undefined combined immunodeficiencies. After finding that the three
carried a mutation in the same gene (DOCK8), we recognized that their disorders shared certain
clinical features with atypical forms of HIES. We therefore sought out additional patients and
included in our study several patients who were described previously, for a total of 11 patients
between the ages of 6 and 21 years from eight families5,18 (Table 2 in the Supplementary
Appendix). Both male and female patients of various ethnic backgrounds were affected. Two
patients presented with rash at birth, and all had atopic dermatitis (Fig. 1A). Of the 11 patients,
9 had severe and extensive food or environmental allergies, including anaphylaxis, and 6 had
asthma or reactive airway disease. Eosinophilic esophagitis or lung disease was observed in
two patients.

All the patients had recurrent upper and lower respiratory tract infections. Most of the patients
had otitis media that had required placement of a tympanostomy tube, two patients had had
mastoiditis, and seven patients had recurrent sinusitis. Nine patients had recurrent pneumonias
or bronchitis, and bronchiectasis had been diagnosed in two patients. Recovered pulmonary
pathogens included Streptococcus pneumoniae, Haemophilus influenzae, Pneumocystis
jiroveci, respiratory adenovirus, and respiratory syncytial virus. One patient had recurrent
croup.

All the patients had extensive, frequently coexisting, cutaneous viral infections. Superficial,
often ulcerating, herpes simplex virus infection occurred in seven patients, manifested as
recurrent or persistent orolabial or anogenital involvement, keratitis, or eczema herpeticum
(Fig. 1B). Seven patients had persistent flat and verrucous warts (Fig. 1C); five had extensive,
disfiguring molluscum contagiosum infections (Fig. 1D); two had recurrent herpes zoster; and
one had severe primary varicella–zoster infection.

Eight patients had Staphylococcus aureus skin infections or abscesses, two had S. aureus
osteomyelitis, five had mucosal or nail candidiasis, and six had recurrent otitis externa. One
patient had had cryptococcal and H. influenzae meningitis. Other infections included several
occurrences of salmonella enteritis, giardiasis, and pericarditis.

Except for Patient 1 in Family 8, the 11 patients we studied did not have the neurologic,
vasculitic, or autoimmune findings reported in patients with autosomal recessive HIES.5
Nonimmunologic features that are typically seen in autosomal dominant HIES were
uncommon.19 Three patients had poor growth, and one had delayed puberty.

Vulvar, facial, and anal squamous-cell dysplasia and carcinomas had occurred in patients with
long-standing herpes simplex virus infections, human papillomavirus infections, and
molluscum contagiosum. Cancers had developed in three patients during late childhood or
early adulthood. Two patients died from metastatic squamous-cell carcinoma. One patient with
resected microcystic adenoma died from cutaneous T-cell lymphoma–leukemia.17

IMMUNOLOGIC ASSESSMENT
Studies of peripheral-blood mononuclear cells revealed low absolute lymphocyte counts in 9
of the 11 patients, including low counts for total T cells (in 10 of 11 patients), CD4 T cells (in
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all 11 patients), and CD8 T cells (in 10 of 11 patients) (Fig. 2).20–22 Ratios of T4 cells to T8
cells were within normal ranges. The numbers of regulatory T cells, as assessed by CD4
+CD25hiFOXP3+ coexpression, in two patients were decreased because of overall
lymphopenia but were proportionally normal (Fig. 1 in the Supplementary Appendix). The
number of natural killer cells was decreased in 6 of 10 patients, and the number of B cells was
decreased in 5 of 11 patients. Although one patient had a normal number of eosinophils, most
patients had mild-to-moderate eosinophilia, with a mean (±SD) of 2.021±1.292×103 cells per
cubic millimeter (normal count, <0.600×103). Patient 1 in Family 8 had an eosinophil count
as high as 33×103 per cubic millimeter. The numbers of neutrophils and monocytes were
normal in all patients (data not shown).

Despite a decreased number of B cells in some patients, six patients had
hypergammaglobulinemia, and five had normal levels of serum IgG. Levels of serum IgA
varied, but levels of IgM were consistently low in all patients, with a mean of 35±13 mg per
deciliter (normal value, >49). Except for Patient 2 in Family 5, who had high-normal IgE levels
(up to 818 IU per milliliter), the patients had very high IgE levels (peak range, 5630 to 43,600
IU per milliliter) (Fig. 2).

Levels of antibodies against a panel of bacterial and viral antigens were variable (Table 3 in
the Supplementary Appendix). All patients who were evaluated had protective levels of
antibodies to rubella (8 of 8 patients) and varicella–zoster virus (4 of 4 patients). Some patients
had a response to vaccines against H. influenzae type B (4 of 9 patients), diphtheria toxoid (5
of 10 patients), and tetanus toxoid (3 of 11 patients). Patients 1 and 2 in Family 4 had impaired
T-cell–dependent primary antibody responses after immunization with the neoantigen
bacteriophage φX174, with peak rates of bacteriophage inactivation in serum of 0.8 and 0.4
per minute, respectively, at 7 days (normal range at 14 days, 7 to 500). These two siblings also
did not have an IgG antibody response after a second challenge with the bacteriophage antigen,
with peak rates of inactivation of 0.7 and 0.3 per minute, respectively, on the day of the second
challenge with no IgG. (The normal rate of inactivation in serum peaks at 7 days after a second
challenge, with a range of 700 to 2000 per minute and with a mean IgG representing 56±24%
of the neutralizing immunoglobulins.) Responses to pneumococcal polysaccharide antigens
were variable (Table 3 in the Supplementary Appendix). Six of the patients were treated with
long-term replacement immune globulin, which seemed to improve the incidence and severity
of sinopulmonary infections in three patients without influencing the course of viral infections
in any patient.

GENETIC ANALYSES
Figure 3A shows the pedigrees of the eight families. Families 1, 2, and 8 were consanguineous.
Comparative genomic hybridization arrays of genomic DNA from the index patients in
Families 1 and 2 revealed homozygous deletions in the DOCK8 gene (Fig. 3B, and Fig. 2A in
the Supplementary Appendix). Deletion A in Family 1 spanned exons 10 through 23, and
deletion B in Family 2 spanned exons 5 through 24 (Fig. 3B, and Fig. 2A and 2C in the
Supplementary Appendix). Deletions A and B were confirmed by the failure of PCR to amplify
deleted exons; furthermore, the juxtaposition of normally distant exons resulted in PCR
amplification across the deleted region, allowing precise identification of the sequence
breakpoint (Fig. 3 and 4 in the Supplementary Appendix). The deletion-spanning PCR products
were not amplified from the 38 patients with other immune disorders, including the 6 patients
with autosomal dominant HIES, or from the 115 healthy control subjects.

Heterozygous deletions in the DOCK8 gene were found in patients from Families 3, 4, 5, and
6: deletions C, D, E, and F, respectively (Fig. 2A and 2C in the Supplementary Appendix). As
expected, the heterozygous deletions resulted in apparent homozygosity of single-nucleotide
polymorphisms (SNPs) within the corresponding sequenced regions (data not shown).
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Deletions A through F were novel structural variants that were not found in the Database of
Genomic Variants, and no homozygous losses in this area of copy-number variation have been
reported previously.

Patients with heterozygous deletions in one allele of DOCK8 had compound heterozygosity
for deleterious mutations (Fig. 2B and 2C in the Supplementary Appendix). None of these
mutations were reported in SNP databases, and they were not identified in the 38 patients with
other immune disorders, including the 6 patients with autosomal dominant HIES, or in the 115
control subjects.

Overall, the genetic variants consisted of large missing portions of the DOCK8 coding
sequence, including a conserved DOCK homology region 1 (DHR1) domain, or had other
expected harmful effects in the gene (Fig. 2C in the Supplementary Appendix). DOCK8
messenger RNA (mRNA) is present in tissues from lung, kidney, pancreas, and placenta, but
it is unknown whether hematopoietic cells express DOCK8.16 We found that monocytes, B
cells, and T cells from healthy blood donors contain DOCK8 mRNA, as assessed by
quantitative reverse-transcriptase–PCR (qRTPCR) assay; high levels were found in activated,
expanded primary T-cell cultures and transformed lymphocyte lines (Fig. 6A in the
Supplementary Appendix). Immunoblotting showed DOCK8 protein in lymphocytes from an
unrelated patient with autosomal dominant HIES (Fig. 3C). By contrast, DOCK8 protein was
not detected in primary T-cell cultures or transformed lymphocyte lines from all 11 patients
who were tested (Fig. 3C, and Fig. 7A in the Supplementary Appendix). Residual levels of
full-length protein in lymphocytes from Patient 2 in Family 8 were detected on overexposure
of the immunoblot. Lymphocytes from Patient 1 in Family 1 contained minimal levels of a
truncated protein that had been generated from the remaining exons (Fig. 7B in the
Supplementary Appendix). These results are consistent with the finding of minimal amounts
of transcripts or none in the patients’ lymphocytes (Fig. 6B in the Supplementary Appendix).
In the case of premature stop codons, this finding is most likely due to nonsense-mediated
decay.23

FUNCTION OF CD8 T CELLS
CD8 T cells did not expand well from activated DOCK8-deficient peripheral-blood
mononuclear cells from Patient 1 in Family 1 (Fig. 4A) or from three additional patients (Fig.
8A in the Supplementary Appendix). This result was not due to a low starting number of CD8
T cells, since the number of cells did not increase when they were normalized to the starting
number. Moreover, CFSE dilution, a marker of cell division, was impaired in DOCK8-deficient
CD8 T cells after stimulation of T-cell receptors with anti-CD3 plus anti-CD28 antibodies (Fig.
4B, and Fig. 8C in the Supplementary Appendix). By contrast, we observed no defect in the
proliferation of CD4 T cells (Fig. 8B, 8C, and 8D in the Supplementary Appendix).

The induction of cell-surface activation marker CD25 on CD8 T cells was impaired in two of
three patients who were tested (Fig. 9A in the Supplementary Appendix). The expression of
the antiviral cytokines interferon-γ and tumor necrosis factor α, as assessed by intracellular
flow cytometry, was moderately decreased in CD8 T cells in two patients who were tested
(Fig. 9B in the Supplementary Appendix). Measurements of cytotoxicity in CD8 T cells on a
per-cell basis in four patients were similar to those in control subjects. Both intracellular
perforin and degranulation, as assessed by cell-surface extravasation of lysosomal-associated
membrane protein 1 (LAMP1, also called CD107a), were normal (Fig. 9C and 9D in the
Supplementary Appendix).
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DISCUSSION
DOCK8 is a member of the DOCK180 superfamily of guanine nucleotide exchange factors,
which interact with Rho GTPases.16 The function of DOCK8 is unknown, but by analogy to
related molecules, the protein probably regulates cytoskeletal rearrangements that are required
for cellular structure, migration, adhesion, and other functions.24 We found germ-line loss-of-
function DOCK8 mutations in patients with a variant of combined immunodeficiency
characterized by unusual susceptibility to cutaneous viral infections and cancers. In addition,
DOCK8 deficiency was found in a subgroup of patients who were previously thought to have
autosomal recessive HIES with severe allergic manifestations. Allergy is not characteristic of
other forms of primary immunodeficiency diseases associated with elevated IgE levels,
including autosomal dominant HIES.15

The immunologic phenotype in patients with DOCK8 deficiency resembles certain features of
mice that have been rendered genetically deficient in a related gene, dock2, by homologous
recombination. Such mice have a decreased number of T cells, reduced responsiveness of the
T-cell antigen receptor, and allergic disease with high levels of serum IgE.25–27 However,
unlike patients with DOCK8 deficiency, dock2-deficient mice have no reported susceptibility
to experimental viral infections. Although abnormal neutrophil chemotaxis was found in two
of four patients who were tested (data not shown), it has not yet been determined whether the
patients had the types of impaired lymphocyte chemotaxis and abnormal lymphoid organ
architecture that have been seen in mice.25,28 We evaluated the patients with
immunodeficiency for a deficiency of the human orthologue of dock2 but found no evidence
of such a deficiency (data not shown). We cannot rule out cooperative effects, but our findings
suggest that DOCK2 and DOCK8 do not serve redundant functions in humans. Moreover, the
independent discovery of dock8 mutations as a cause of immunodeficiency in ethylnitrosourea-
mutagenized mice complements our findings (Cornall R, Goodnow C: personal
communication).

HIES consists of primary immunodeficiencies that are characterized by severe eczema,
recurrent skin infections (often from S. aureus), mucocutaneous candidiasis, recurrent
sinopulmonary infections, elevated serum IgE levels, and eosinophilia. 6 Autosomal dominant
HIES results from dominant interfering mutations in the gene encoding transcription factor
STAT3. Such mutations lead to failed differentiation of a specialized subgroup of helper T
cells that produce interleukin-17 for defense against fungal and extracellular bacterial
infections.18,29–32 By contrast, the autosomal recessive form features recurrent cutaneous viral
infections but not pneumatocele formation or connective-tissue and skeletal abnormalities. 5
A homozygous loss-of-function mutation in the tyrosine kinase 2 gene, which encodes the
TYK2 transcription factor, resulted in impaired cytokine signaling in multiple pathways in a
single patient with elevated IgE levels but not in other patients.33,34 Patients with these forms
of HIES characteristically have a normal number of lymphocytes.5,6,33

The DOCK8 immunodeficiency syndrome accounts for subgroups of patients who have
undefined combined immunodeficiencies or who were previously misclassified as having
autosomal recessive HIES. Besides lymphopenia, DOCK8 deficiency has manifestations that
have not previously been associated with HIES, including cancers related to cutaneous viral
infections. Squamous-cell cancers occurred in three of our patients who had extensive human
papillomavirus infections, and one patient also had cutaneous T-cell lymphoma–leukemia.
Impaired CD8 T cells in DOCK8 deficiency suggests that these cancers may be due to impaired
tumor surveillance. It is also possible that DOCK8 has tumor-suppressor functions. Indeed,
DOCK8 deletions in primary lung cancers, gastric- and breast-cancer lines, and gliomas suggest
a role of DOCK8 in tumor suppression.35,36 Heterozygous DOCK8 deletions have been
reported in several cases of mental retardation, developmental delay, and autisticspectrum
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disorder.37,38 However, most of the DOCK8-deficient patients and their heterozygous relatives
in our study had normal intelligence, suggesting that DOCK8 is not essential for cognitive
function.

Other heterozygous deletions and duplications, reported in the Database of Genomic Variants,
are consistent with the copy-number variation of DOCK8 within the normal population. Our
findings support the increasing recognition that these and other structural variants, which have
been estimated to account for a least 5% of the human genome and are enriched in genes of
the immune system, represent sources of variation that can contribute to mendelian human
diseases and influence immune function with respect to susceptibility to infections.39

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characteristic Dermatologic Findings
Among the characteristic dermatologic findings in the patients in the study were atopic
dermatitis with scattered superimposed molluscum contagiosum lesions on the inside of the
arm (Panel A), chronic ulcerative anogenital herpes simplex virus infection (Panel B),
periungual and acral warts (Panel C), and molluscum contagiosum on the back (Panel D).
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Figure 2. Immunologic Assessment
Values for blood analyses are shown according to age in the index patients in Families 1, 2,
and 3; Patients 1 and 2 in Family 4; Patients 1 and 2 in Family 5; Patient 1 in Family 6; Patient
1 in Family 7; and Patients 1 and 2 in Family 8. In the color key, patients are listed according
to their family number, followed by their patient number (Patient 1-1, Patient 2-1, etc.). Normal
ranges for age are shown in gray. For lymphocyte subgroups, the normal ranges represent the
10th to 90th percentiles based on published data.20 For leukocyte subgroups and serum
immunoglobulin, the normal ranges are shown with 95% confidence intervals.21 For
eosinophils, the lines represent arbitrary thresholds for mild, moderate, or severe eosinophilia.
22
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Figure 3. Patient Pedigrees and DOCK8 Molecular Analyses
Panel A shows the pedigrees of the eight families in the study. Probands are designated by
arrows. Circles represent female family members, and squares male family members. A slash
through a symbol represents a deceased person. Panel B shows log2 ratios of DNA from Patient
1 of Family 1 with deletion A (spanning exons 10 through 23) to reference DNA (on the x axis)
after hybridization to probes at or near the DOCK8 locus, according to the genomic position
(on the y axis). The arrow pointing to the shaded region indicates the homozygous DOCK8
deletion. The green crosses indicate probes where the signal of the log2 ratio was less than
zero, and the orange crosses more than zero. Panel C shows immunoblots for DOCK8 protein
expression in seven families that were included in the study. Lysates are from primary T cells
(for all members of Family 1 and Patient 2 of Family 8), Epstein–Barr virus–transformed B-
cell lines (for Families 3, 4, 6, and 7 and Patient 1 of Family 8), and herpesvirus saimiri–
transformed T-cell lines (for Family 5). The data for Family 6 show two lanes (samples from
a control [C] and from Patient 1) that are aligned from the same gel. Immunoblots for Patient
1 in Family 2 and for Patient 1 in Family 5, which were analyzed after the completion of the
study, are shown in Figure 7A in the Supplementary Appendix. No DOCK8 protein was found
in samples from any of the 11 patients who were tested. Included in the samples for Family 1
is an unrelated STAT3-mutant control with autosomal dominant hyperimmunoglobulin E
syndrome. β-actin is included as a loading control in all the analyses. P denotes parent, and S
a heterozygous member of Family 4.
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Figure 4. Impaired CD8 T-Cell Activation and Proliferation in Association with DOCK8 Deficiency
in Family 1
Panels A and B show the results of two independent experiments in Family 1. In Panel A, after
activation of peripheral-blood mononuclear cells (PBMCs) with anti-CD3 plus anti-CD28
antibodies for 3 days, T cells were expanded in culture with interleukin-2. Absolute numbers
of CD8 T cells were calculated on the basis of flow cytometric determinations of their
percentages; CD8 T-cell numbers over time are shown as factor increases normalized to the
prestimulated cell population. In Panel B, PBMCs that were labeled with carboxyfluorescein
succinimidyl ester (CFSE) were either unstimulated or stimulated, as described for Panel A.
After 3 days, cells were stained with the use of fluorescence-labeled antibodies against T-cell
subgroup markers and then analyzed on flow cytometry. The top row shows profiles for
stimulated cells, with the location of each dot reflecting an individual cell’s intensity for CD4
staining (on the x axis) versus CD8 staining (on the y axis). The boxes delineate the CD8 and
CD4 T-cell subgroups. As compared with control samples, samples from Patient 1 had a lower
proportion of CD8 T cells (12% of lymphocytes) after activation. Gated CD8 T cells were
further analyzed for the fluorescence intensity of CFSE, which is successively diluted with
each cell division. The bottom row shows histograms with the height (y axis) reflecting a
percent of maximum of gated CD8 T cells that display any given fluorescence intensity of
CFSE (on the x axis). The gray shading indicates unstimulated cells, and the blue line indicates
stimulation. C denotes healthy control subject, and P parent.
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