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Key Points

•Dock8 regulates the
expression of CD19
and WASP.

•BCR clustering and
B-cell spreading are
decreased in memory
B cells of Dock8
patients.

Dock8 deficiency leads to immunodeficiency, and the role of Dock8 in B-cell development and

function has been revealed; however, the role of DocK8 onB-cell receptor (BCR) signaling and

function of memory B cells remains elusive. In this study, we generated a Dock8 knockout

mousemodel and collected peripheral bloodmononuclear cells fromDock8 patients to study

the effect of Dock8 deficiency on the BCR signaling and activation of memory B cells with

confocal microscopy and total internal reflection fluorescencemicroscopy. The activation of

key, positive upstreamBCR signalingmolecules, pCD19 and phosphorylated Brutons tyrosine

kinase (pBtk), is reduced. Interestingly, the total protein and activated levels of Wiskott–

Aldrich syndrome protein (WASP) are decreased in Dock8-deficient mouse B cells. Our

previous research has shown that WASP positively regulates cd19 transcription; further-

more, we found that Dock8 regulates cd19 transcription. What we found in Dock8 patients

can be a phenotype copied from Dock8 mice. The early activation of memory B cells from

Dock8 patients is disrupted with reduced BCR clustering, B-cell spreading, and signalosome

recruitment into the degree of näıve B cells, as well as the transition from näıve B cells to

unswitched memory B cells. Overall, our study provides a novel mechanism for Dock8

regulation of BCR signaling by regulating cd19 transcription, as well as the underlying

mechanism of noncompetence of memory B cells in Dock8 patients.

Introduction

DOCK8 belongs to a class of guanine nucleotide exchange factors that modulate the activity of r
guanosine triphosphate hydrolase enzymes (GTPases).1 DOCK8 deficiency is the primary cause of
autosomal recessive hyperimmunoglobulin E (hyper-IgE) syndrome (AR-HIES), which was first described
in 2004,2 and mutations within theDOCK8 gene were subsequently demonstrated as causing AR-HIES.3

AR-HIES patients develop severe allergies, bearing elevated serum IgE levels and high peripheral
eosinophil counts.4,5 For previous research, we screened 7 Chinese candidate patients for mutations
within the DOCK8 gene and identified 3 large novel homozygous deletions and 4 novel point mutations
with targeted deep sequencing.6

In Dock8 mutant mice, the longevity and affinity maturation of T-dependent antibody responses is
severely disrupted.7 The germinal center formation is crippled, and the formation of an immunological
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synapse is defective. The deficiency of Dock8 has no effect,
however, on some other B-cell receptor (BCR) signaling upon
stimulation with anti-IgM, such as calcium flux and Erk signaling
or the activation of classical molecules including CD69, CD86,
and CD25.8 Dock8 patients have a breakdown of the peripheral
B-cell tolerance because of the defective suppression of
Tregs.9 Circulating CD191CD271 memory B cells are severely
decreased in Dock8 patients, and circulating IgD1CD271

marginal-zone-like (MZ-like) B cells are also decreased, which
can similarly be seen in Dock8-deficient mice.7,8 Peripheral
B cells of DOCK8-deficient patients are almost all na ı̈ve and fail
to proliferate and secrete IgM and IgG in response to cytosine
guanine dinucleotide (CpG).7 Additionally, CpG-driven phos-
phorylation of Syk and Stat3 is reduced in peripheral blood
mononuclear cells (PBMCs) of Dock8 patients, which is
dependent on the TLR9-MyD88.7 However, the role of Dock8
on BCR signaling still remains elusive. Additionally, most of the
DOCK8-deficient patients are caused by the frame shift or gene
deletion in different exons of the dock8 gene instead of by point
mutation, so it would be interesting to generate an optimal
mouse model to mirror human diseases, and we generated a
Dock8-deficient mouse strain with a frame shift in the first exon
of dock8. Because the frame shift occurs in the first exon of
dock8, the possibility of generating a functional peptide of
Dock8 is reduced because of the limited size. The difference is
that the frame shift may occur in other exons in human disease.

Considering CD19 as the hallmark of B-cell development, the
role of CD19 has been studied extensively in B-cell function. CD19
knockout (KO) B cells have defects in BCR signaling, cell
spreading, and BCR microcluster formation.10 Deficiency of
CD19 causes a collapse in the formation of germinal-center
B cells and differentiation of marginal-zone B cells as well as in the
T-dependent antibody response.11-13 CD19-mediated Btk signaling
is critical for the maintenance and generation of MZ B cells.14 In
Dock8-deficient mice, the frequency of marginal-zone B cells is also
severely reduced.8 The phenotype of Dock8 KO mice recapitulates
that of CD19 KO mice in the differentiation of peripheral B cells as
well as in the BCR signaling, which indicates that Dock8 might
regulate CD19 to control the differentiation of marginal-zone
B cells.

Dock8 is involved in the actin cytoskeleton reorganization, and the
function of rGTPase in lymphocyte signaling is important. The
absence of Rac1 and Rac2 leads to the disruption of actin
polymerization, T-cell receptor (TCR) clustering, and calcium flux
and of P38 activation.15-17 The absence of Rac2 causes the
reduction of B1a and marginal-zone B cells, calcium flux, and
proliferation.17Wiskott–Aldrich syndrome protein (WASP) is a well-
known critical downstream protein of rGTPase and its deficiency
has a similar phenotype as that of Dock8 deficiency, although it is
still unknown whether Dock8 can regulate the activation of WASP
in B cells.

In this study, we have generated Dock8-deficient mice with the
TALEN technique to knock out the 45 nucleotides in exon1 and
used the PBMCs from the 3 Dock8 patients screened before
(Table 1). We found that Dock8 and WASP are coordinated during
BCR activation and that the absence of Dock8 leads to down-
regulation of BCR signaling of the phosphorylated Brutons tyrosine
kinase (pBtk) and pCD19 as well as of the expression and activation

of WASP. Mechanistically, Dock8 can regulate the expression
of CD19 and WASP. By using total internal reflection fluores-
cence microscopy (TIRFM), we found that the magnitude of BCR
clustering, B-cell spreading, and signalosome recruitment is dras-
tically reduced in the memory B cells of Dock8 patients and close
to the level of naı̈ve B cells. Our study has provided a new pathway
demonstrating that Dock8 regulates the expression of CD19 and
WASP and consequent BCR signaling and a new underlying
mechanism for the defective activation of memory B cells in Dock8
patients.

Materials and methods

Patients and control subjects

From 2014 to 2015, a total of 3 Chinese patients with Dock8
mutations from 3 unrelated Chinese families were enrolled in the
present study. The diagnosis of Dock8 patients was as
previously described.6 Healthy control subjects consisted of 3
age-matched subjects (average age). Signed consent from all
the children’s parents was obtained with the approval of the
ethics committee of the Children’s Hospital of Chongqing
Medical University.

Statistical analysis

Statistical significance was assessed using the Mann-Whitney U test
by Prism software (GraphPadSoftware). TheP valueswere determined
in comparison with the naı̈ve or memory B cells of heathy controls
(HCs) (P , .01).

Results

Dock8 is involved in BCR activation

To determine whether or not Dock8 is involved in the BCR
activation, we examined the spatiotemporal relationship between
BCR and Dock8 by using an antibody specific to Dock8 and
confocal microscopy. At 0 minutes, Dock8 was distributed between
both the plasma membrane and cytoplasm (Figure 1A). At 5
and 10 minutes, Dock8 was redistributed and cocapped with
the BCR cluster (Figure 1A). At 30 minutes, Dock8 under-
went endocytosis, together with the BCR (Figure 1A). As was
expected, we almost could not detect Dock8 staining in B cells
from Dock8-deficient mice (Figure 1C), and we found that the
BCRs were located on the membrane for all the time points
examined (Figure 1B). Therefore, we used a BCR internalization
assay to examine the effect of Dock8 deficiency on BCR endo-
cytosis and found that the percentage of BCRs remaining

Table 1. The mutations of amino acids in Dock8 protein with TALEN

technique

Mouse type Amino acid

WT MATLPSAERRAFALKINRYSSSEIRKQFTL
PPNLGQYHRHSISTSGFPSLQLPQLYEPVE

MT MATLPSAERLRAQDQQVFIVRNKEAVY
APTQPRTVPSAQYQYIWFPLSSATSAL

MT, mutant type; WT, wild type.
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on the cell surface was significantly increased in Dock8-
deficient B cells in comparison with that of WT B cells
(Figure 1E). We used the correlation coefficient to determine
the colocalization of BCR and Dock8 quantitatively. The
colocalization between BCR and Dock8 was increased over
30 minutes and increased significantly at 10 and 30 minutes in
comparison with 0 minutes (Figure 1D). To rule out the effect of
BCR intensity on the internalization, we examined the BCR
intensity by staining CD79a, and no difference was observed

between WT and KO B cells (Figure 1F). This result suggests
that Dock8 is involved in BCR activation and internalization. To
confirm the deletion efficiency of Dock8 on the protein level, we
did a Western blot to exam the Dock8 expression in the spleen
of KO mice and found the absence of Dock8 in Dock8 KO mice,
which indicates the successful deletion of Dock8 in KO mice
(Figure 1G). To observe the effect of Dock8 deficiency on the
impact of spleen architecture, we did a hematoxylin and eosin
staining of spleen sections from WT and KO mice. We found
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Figure 1. Dock8 is involved in BCR activation and in-

ternalization. We incubated murine splenic WT or Dock8

KO B cells with AF546–mB-Fab9–anti-Ig, to mimic sAg, for

10 minutes at 4°C to label the BCR. Then, the cells were

incubated either with streptavidin or with the medium alone

(0 minutes) as a control at 37°C for varying lengths of time.

(A-B) After fixation and permeabilization, the cells were

stained for Dock8 and analyzed using confocal microscopy

(CFm). (C) The expression levels of Dock8 in WT and KO B

cells quantified using NIS-Elements AR 3.2 software. (D) The

correlation coefficient between BCR and Dock8 was quanti-

fied using NIS-Elements AR 3.2 software. Shown are repre-

sentative images in which more than 50 cells were

individually analyzed using NIS-Elements AR 3.2 software;

mean values (6SD) are from 3 independent experiments.

(E) Flow cytometry analysis of BCR internalization by quanti-

fying the percentage of biotin-F(ab9)2–anti-Ig–labeled BCR

remaining on the cell surface after the 37°C chase. Shown

are the average percentages (6SD) from 3 independent

experiments. (F) Flow cytometry analysis of BCR intensity of

splenic WT or Dock8 KO B cells. (G) Western blot of Dock8

from the splenocytes of WT and Dock8 mice; glyceralde-

hyde-3-phosphate dehydrogenase was used as a loading

control. (H) Hematoxylin and eosin staining of spleen from

WT and Dock8 KO mice (19-23 weeks old). Scale bars,

2.5 mm. *P , .01; **P , .001; ***P , .0001. NS, not

significant.

27 FEBRUARY 2018 x VOLUME 2, NUMBER 4 Dock8 REGULATES BCR SIGNALING 403



that the germinal center in the spleen of Dock8 KO mice did not
have a defined structure and had scattered lymphocytes
(Figure 1H). This result indicates that Dock8 is critical to
maintain the structure of the germinal center in the spleen.

The absence of Dock8 downregulates BCR signaling

and the expression of WASP

To determine the effect of Dock8 deficiency on BCR signaling,
we examined the levels of pBtk, the key positive molecule of
upstream BCR signaling, as well as protein tyrosine phosphor-
ylation (pY), the total level of BCR signaling by using confocal
microscopy and flow cytometry. The colocalization of pY and
pBtk with BCR was increased over 10 minutes and decreased
at 30 minutes in WT B cells, but it was dramatically decreased
in DOCK8 KO total and follicular (FO) B cells (Figure 2A-C;
supplemental Figure 1). The levels of pBtk and pY in both WT
and KO B cells were increased over 5 minutes and then
decreased for 30 minutes by using flow cytometry (Figure 2D-E).
However, the levels of pY and pBtk in DOCK8 KO B cells
were significantly lower than those of WT B cells upon soluble
antigen (sAg) stimulation (Figure 2D-E). To normalize the signaling
level, we measured the levels of total Btk by flow cytometry, and
no difference was detected between WT and Dock8 KO B cells
(supplemental Figure 2A). Additionally, Dock8 was reported to affect
the differentiation of MZ B cells severely,11,14 and therefore the
signaling levels were examined exclusively for FO B cells. Similarly,
the levels of pY, pBtk, and phosphorylated extracellular regulated
protein kinases (pERK) were both decreased in FO B cells of KO
mice (supplemental Figure 2B-D). These results imply that Dock8
regulates BCR signaling positively. WASP has been reported as a
downstream effector of Dock8, so we examined the spatiotemporal
relationship between Dock8 and phosphorylated WASP (pWASP)
during BCR activation by using confocal microscopy, as well as the
messenger RNA (mRNA) levels of wasp and protein-expression
levels of WASP in Dock8-deficient B cells by using flow cytometry.
We found that the colocalization between Dock8 and pWASP in
B cells peaked at 5 minutes and was significantly higher than that at
0 minutes (Figure 2F-G). The mRNA levels of wasp and protein-
expression levels of WASP were significantly reduced in Dock8-
deficient B cells (Figure 2H-I). We further examined the mRNA levels
of Dock8 KO FO B cells because MZ B cells with higher expression
of WASP were reduced in Dock8 mice, and the mRNA levels of
wasp do not have changes in FO B cells (supplemental Figure 1D).
This indicates that the reduction of mRNA levels of wasp in total
B cells is due to the decrease of MZ B cells. WASP-interacting
protein (WIP) promotes the expression of WASP.18-20 The protein
and mRNA levels ofWIPwere examined byWestern blot and reverse
transcription polymerase chain reaction (RT-PCR), and both of them
were significantly decreased in Dock8- deficient B cells (supplemental
Figure 3A-B). These results suggest that Dock8 positively regulates the
transcription of wip.

The absence of Dock8 leads to the reduced activation

of WASP and CD19

Because Dock8 regulates the expression levels of WASP, we
asked whether Dock8 deficiency also affects the activation of
WASP in B cells. To determine this, we stained for activated
WASP by using specific antibodies for pWASP and examined
this using confocal microscopy and flow cytometry. We used the

correlation coefficient to determine the colocalization of BCR
and pWASP quantitatively. The colocalization between BCR and
pWASP in WT B cells was increased for 10 minutes and
decreased for 30 minutes afterward, but the colocalization of
BCR with pWASP in DOCK8-deficient B cells was significantly
lower than that of WT B cells (Figure 3A-C). In both WT and KO
B cells, the levels of pWASP were increased over the first 10
minutes and then decreased over 30 minutes, but the levels of
pWASP in DOCK8 KO B cells were significantly lower than
those in WT B cells upon sAg stimulation by using flow cytometry
(Figure 3D). After normalization, the levels of pWASP in Dock8
KO B cells were still lower, although the total levels of WASP
were reduced (supplemental Figure 4). CD19 has been reported
to regulate Btk upstream, and therefore we examined the effect
of Dock8 deficiency on the activation of CD19 by using specific
antibodies for phosphorylated CD19 (pCD19) with confocal
microscopy and flow cytometry. The colocalization between
pCD19 and BCR was increased over the first 10 minutes and
decreased afterward in WT B cells, and the deficiency of Dock 8
significantly decreased the colocalization between pCD19 and BCR
(Figure 3E-G). In both WT and DOCK8 KO B cells, the levels of
pCD19 were increased over the first 10 minutes and then decreased
for 30 minutes, but the levels of pCD19 in KO B cells were
significantly lower than those in WT B cells upon sAg stimulation by
using flow cytometry (Figure 3H). To determine at which step Dock8
regulates BCR signaling on a transcriptional level, we used RT-PCR
to examine the mRNA levels of cd19, btk, cd21, and cd81 and found
that only the mRNA levels of cd19 were decreased in Dock8-
deficient B cells (Figure 3I-L). These results suggest that Dock8
might positively regulate the activation of WASP, CD19, and the
transcription of cd19.

The absence of Dock8 disrupts the differentiation of

marginal zone and GC B cells

The CD19-mediated Btk signaling has been shown to control the
generation of MZ B cells as well as the formation of germinal center
(GC) B cells.11,14 We examined the effect of Dock8 deficiency on the
generation of FO and MZ B cells by using flow cytometry. We did not
observe any changes for the follicular B cells betweenWT andKOmice,
either for the frequency or for the number (Figure 4A-C). However, we
found that the percentage of MZ B cells (CD21highCD23low) was
dramatically decreased in Dock8 KO mice, as well as the total numbers
(Figure 4D-F). We also found a decreased frequency and number of
GC B cells in nonimmunized KOmice, and the frequency of GC B cells
in nonimmunized WT mice was around 7 times lower than that of
immunized mice (Figure 4G-I). To clearly detect whether the GC
formation has defects in Dock8 KOmice, we immunized the Dock8 KO
mice and the control littermates with NP14-OVA for 2 weeks. Similarly,
we found decreased frequency and number of GCB cells in Dock8 KO
mice (Figure 4J-L). These results indicate that Dock8 is indispensable for
the generation of peripheral MZ andGCBcells, which is consistent with
a previous report.8

B cells from Dock8 patients have reduced BCR

signaling and altered actin organization

To determine the effect of Dock8 deficiency physiologically, we
used PBMCs from 3 Dock8 patients between the ages of 9 and
17 years with a clinical diagnosis showing that expression of
Dock8 is absent and autoantibody is not present (Table 2).

404 SUN et al 27 FEBRUARY 2018 x VOLUME 2, NUMBER 4



KO

BCR pY pBtk Merged

WT

BCR pY pBtk Merged

0 min

5 min

10 min

30 min

0.8

0.6

0.4

0.2

0.0

Co
rre

lat
ion

 c
oe

ffi
cie

nt

*

*

0 5 10 30

WT
KO

Time (min)

pY/pBtk

Time (min)

0

2000

3000

4000

5000

1000

*

0 10 20 30

WT
KO
ISO

pY

MF
I

*

0 10 20 30

Time (min)

pBtk

MF
I

0

500

1000

1500

2000
WT
KO
ISO*

*

0 5 10 30

Time (min)

Co
rre

lat
ion

 c
oe

ffi
cie

nt

Dock8/pWASP

0.0

0.2

0.4

0.6
*

*

Re
lat

ive
 m

RN
A 

lev
el

wasp

0.0

0.5

1.0

1.5 WT
KO

**

WASP

ISO

WT

KO

105

987

321

BCR Dock8 Merged

0 min

5 min

10 min

30 min

pWASP

WT

A

C

F G

H I

D E

B
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and pBtk in splenic B cells after stimulation with sAgs (D-E) or the MFI of WASP in splenic B cells without stimulation (I). Shown are representative images in

which more than 50 cells were individually analyzed using NIS-Elements AR 3.2 software, and mean values (6SD) are from 3 independent experiments. Scale
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Sorted human B cells from age-matched HCs and patients were
stimulated with sAg and stained with pY, pBtk, pWASP, and
actin and then examined by confocal microscopy and flow
cytometry. We found that the colocalization between BCR and
pY/pBtk or pWASP/actin was profoundly reduced in human

B cells from Dock8 patients in comparison with those from HCs
(Figure 5A-F). The levels of pY and pBtk were increased for the
first 5 minutes and then decreased for 30 minutes in B cells of
HCs; the levels of pY and pBtk peaked at 10 minutes in the
B cells of Dock8 patients and were significantly lower than
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those of HCs, as seen with flow cytometry (Figure 5G-H).
Interestingly, the staining of pBtk was distributed throughout
the whole of B cells of Dock8 patients without stimulation
(0 minutes). For pWASP and F-actin, the basal levels of
pWASP and F-actin were lower in the B cells of Dock8 patients
than in those of HCs (Figure 5I-J). The levels of pWASP peaked
at 10 minutes both in HCs and in patients, yet the levels of
pWASP were significantly lower in the B cells of Dock8 patients
(Figure 5I). The levels of F-actin were decreased for the first
5 minutes and then increased afterward for 30 minutes in both
HCs and Dock8 patients but were lower in Dock8 patients than
in HCs (Figure 5J). We also examined the total levels of CD19
and pCD19 in the B cells of HCs and Dock8 patients by
confocal microscopy and flow cytometry. The colocalization
between pCD19 and BCR was also significantly decreased in
the B cells of Dock8 patients in comparison with that of HCs
upon sAg stimulation (Figure 6A-C). The mean fluorescence
intensity (MFI) of CD19 was significantly lower in patients than
in HCs, quantified by NIS-Elements AR 3.2 software (Figure 6D).
The levels of pCD19 peaked at 5 minutes and then decreased
at 30 minutes in the B cells of HCs; it also peaked at 10 minutes
in Dock8 patients but was significantly lower than that of HCs,
as indicated by flow cytometry (Figure 6E). Our previous
research has shown that WASP regulates the transcription of
cd19.21 Dock8 positively regulates wasp upstream, and there-
fore we used a luciferase assay to determine whether Dock8
regulates the transcription of cd19. We transfected 293 cells with a
pGL3 vector carrying cd19 promoter together with pcDNA3.1 or
pcDNA3.1-Dock8, as well as internal-control renilla luciferase-
thymidine kinase reporter vector (pRL-TKB). The fluorescence signal
of 293 cells transfected with pGL3-CD19 and pcDNA3.1-Dock8
(pGL3-CD191Dock8) was significantly higher than that of pGL3-
CD19 and pcDNA3.1 (pGL3-CD19) (Figure 6F). These results
collectively suggest that BCR signaling and actin organization are
altered in Dock8 patients and further confirmed that Dock8 regulates
the transcription of cd19.

Memory B cells from Dock8 patients have disrupted

early activation

CD19 is critical for the early activation of B cells10; to determine
the effect of Dock8 deficiency on the early activation of human
B cells, we examined the BCR clustering and B- cell spreading
in HCs and Dock8 patients’ B cells upon stimulation with
membrane-associated antigens by TIRFM. Memory B cells were
distinguished from na ı̈ve B cells by CD27 staining. In HCs, the
contact area between na ı̈ve B cells and the antigen-containing
lipid bilayer increased for the first 5 minutes and started to

contract afterward (Figure 6G,K). In HCs memory B cells, the
contact area was dramatically increased in comparison with
that of HCs naı̈ve B cells (Figure 6G,I,K). The contact area
dynamics of na ı̈ve B cells from Dock8 patients was similar to
those of HCs’ na ı̈ve B cells (Figure 6G-H,K). However, the
contact area of memory B cells from Dock8 patients was
drastically decreased in comparison with that of HCs’ memory
B cells, showing no increase in the contact area in comparison
with na ı̈ve B cells from Dock8 patients (Figure 6G-K). The MFI
used to gauge the BCR clustering in the contact area of HCs’
na ı̈ve B cells increased to 7 minutes (Figure 6G,L), and the MFI
in the contact zone of HCs’ memory B cells was significantly
increased in comparison with that of na ı̈ve B cells in HCs
(Figure 6G,I,L). But the MFI in the contact zone of memory
B cells from Dock8 patients was significantly reduced in
comparison with that of HCs’ memory B cells, and even similar
to the level of na ı̈ve B cells from Dock8 patients (Figure 6G-J,L).
To obviate the effect of Dock8 deficiency on the BCR intensity,
we determined the BCR intensity with CD79a antibody by using
flow cytometry, and no difference was observed between HCs
and Dock8 patients (data not shown). Together, these results
imply that Dock8 deficiency fails to promote the increase of
BCR clustering and B-cell spreading from na ı̈ve B cells to
memory B cells. To further determine the effect of Dock8
deficiency on the signalosome recruitment in human B cells
upon mAg stimulation, we examined the total level of BCR
signaling pY, and the phosphorylation of the key positive
upstream signaling molecule Btk (pBtk). In HCs’ na ı̈ve B cells,
the recruitment of pY peaked at 3 minutes and decreased at
7 minutes (Figure 6G,M). The level of pY in the contact zone of
HCs’ memory B cells was profoundly increased in comparison
with that of HCs na ı̈ve B cells (Figure 6G,I,M). However, the
level of pY in the contact zone of na ı̈ve and memory B cells in
Dock8 patients was of the same level with each other and
significantly reduced in comparison with that of HC na ı̈ve and
memory B cells, respectively (Figure 6G-M). Similar to the
behavior of the activation of pY, the activation of Btk in HCs’ naı̈ve
or memory B cells was also significantly higher than that of pBtk in
naı̈ve or memory B cells from Dock8 patients (Figure 6G-J,N). To
confirm the effect of Dock8 deficiency on the BCR signaling, we
determined the phosphorylated levels of Erk and Btk in B cells
upon stimulation with sAgs by using the BD Phosflow method. The
levels of pERK and pBtk were increased in HCs’ memory B cells
and reduced in naı̈ve or memory B cells of Dock8 patients
(Figure 7A-B). Interestingly, we found that the transition from naı̈ve
B cells to unswitched memory B cells (IgD1CD271) was
abolished for Dock8 patients in comparison with that of HCs
(Figure 7C) after in vitro stimulation. To further elucidate the Ig

Table 2. Clinical characteristics of 3 DOCK patients

Patient ID Age at sample collection, y Clinical score Protein expression Exon location Auto antibody

P1 17 75 Absent 19-48 exon het del, None

c.5842 delG,c.5843C.A

p.A1948fsX1953

P2 17 62 Absent Exon 11 hom del. Exon 12-33 het del None

P3 9 45 Absent c.1278-1279 delTG p.V427fsX435 None
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levels in memory B cells, IgM, IgG, and IgE were stained. The
levels of IgE were enhanced in Dock8 patients, which is
consistent with previous reports. Surprisingly, it was hard to
detect IgM memory B cells, and the levels of IgG memory B cells
were reduced in Dock8 patients (supplemental Figure 5A). We
also found a decreased expression of CD19 in total B cells as

well as naı̈ve and memory B cells from Dock8 patients in
comparison with that of HCs (Figure 7D-E; supplemental
Figure 5B) but no difference for the expression of CD81 that is
associated with CD19 (Figure 7F). These results suggest that
Dock8 deficiency blocks the boost of signaling from naı̈ve cells to
memory B cells.
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Discussion

In this study, we investigated the role of Dock8 deficiency on
BCR signaling by using germline Dock8-deletion mice and the
PBMCs from Dock8-deficient patients. We found that Dock8 is
involved in the BCR activation and that the absence of Dock8
leads to the diminishment of the key positive BCR signaling
molecule Btk. Furthermore, the upstream molecule of Btk-
CD19’s activation is severely disrupted. By analyzing the mRNA
levels of cd19 and wasp, we found that Dock8 deficiency
downregulates the transcription of cd19 in mouse B cells. We found
that the magnitudes of BCR clustering, B-cell spreading, and BCR
signalosome recruitment are severely disrupted in memory B cells of
Dock8 patients in comparison with that of HC memory B cells and

close to the levels of naı̈ve B cells. The expression levels of CD19 are
also dramatically reduced in B cells of Dock8 patients, which is similar
to the results from Dock8 KO mice. We also revealed that Dock8-
deficient human B cells have a reduced activation ofWASP and actin
polymerization. Overall, this is the first report, to our knowledge, that
Dock8 positively regulates the transcription of cd19 and that there is
a defect in early activation of memory B cells in Dock8 patients.

One interesting future direction would be to determine how Dock8
regulates WASP in B cells. Recently, the Dock8-WIP-WASP axis
has been reported to link TCR and actin.22 The phenotypes of
Dock8 mice and patients almost copy those of WASP KO mice or
WASP patients.21 As a guanine nucleotide exchange factor, Dock8
has been involved in the activation of Rac1 and cdc42.23,24
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Interestingly, Dock8 deficiency does not affect the total Cdc42
activity in dendritic cells, and it is disrupted only at the leading edge
of spreading membrane, causing a severe defect in cell polarization
and migration.

Therefore, DOCK8 regulates DC migration by controlling Cdc42
activity spatially.24 Cdc42 is a critical activator upstream of WASP
by interacting with its GTPase-binding domain.25-27 In our studies,
we found that the global activity of WASP is reduced. It would be of
interest to explore whether Dock8 regulates the activation of WASP
via Cdc42. What also requires confirmation is whether Dock8
regulates the transcription of cd19 via WASP. Two hundred ninety-
three cells lack the WASP expression, and it is possible that Dock8
regulates the CD19 transcription via WAVE in 293 cells. Therefore we
need to cross the Dock8 KO mice with WASP transgenic mice to
examine whether the defect of cd19 in Dock8 KOmice can be rescued.

To be consistent with previous reports, our data support the notion
of Dock8-deficient B cells having reduced activation of pSyk and
pSTAT-3 upon stimulation with CpG.7 But it is also contradictory
with the report that the activation of Erk and calcium flux is not
affected in Dock8-mutant mice determined from a genetic screen in
Goodnow’s group.8 The discrepancy could be due to the difference
of Dock8 deficiency, the background of the mice, or the dose and
type of stimulants. Goodnow’s group used MD4 transgenic mice
and they used IgM or CD40 ligand to stimulate the B cells.

In summary, our study reveals a new pathway whereby Dock8
regulates BCR signaling through regulating CD19 and WASP
expression. Furthermore, the underlying cellular molecular mech-
anism of defective memory response in Dock8 patients is due to
the inefficient early activation events of their memory B cells.
Overall, it will provide a therapeutic design for the treatment of
Dock8 patients.
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