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Abstract

Dedicator of cytokinesis (DOCK) proteins constitute a family of evolutionarily conserved guanine
nucleotide exchange factors (GEFs) for the Rho family of GTPases. Although DOCK family proteins
do not contain the Dbl homology domain typically found in other GEFs, they mediate the GTP-GDP
exchange reaction through the DOCK homology region-2 (DHR-2) domain. In mammals, this family
consists of 11 members, each of which has unique functions depending on the expression pattern
and the substrate specificity. For example, DOCK2 is a Rac activator critical for migration and
activation of leukocytes, whereas DOCKS is a Cdc42-specific GEF that regulates interstitial migration
of dendritic cells. Identification of DOCK2 and DOCKS8 as causative genes for severe combined
immunodeficiency syndromes in humans has highlighted their roles in immune surveillance. In
addition, the recent discovery of a naturally occurring DOCK2-inhibitory metabolite has uncovered
an unexpected mechanism of tissue-specific immune evasion. On the other hand, GEF-independent
functions have been shown for DOCKS in antigen-induced IL-31 production in helper T cells. This
review summarizes multifaced functions of DOCK family proteins in the immune system.
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Introduction

The immune system has evolved to recognize and interact
with microorganisms to protect our body from invading patho-
gens. For this purpose, leucocytes continuously patrol the
body to identify invading pathogens and elicit immune re-
sponses. Advances in molecular biology have enabled us to
identify many receptors and their endogenous or exogenous
ligands, downstream signaling cascades of which have been
extensively analyzed. However, the immune response is not
a simple ‘all or none’ type response, but its consequences
are complicated and varied. For example, T cells undergo
differentiation, proliferation or death through the interaction
of the T-cell antigen-receptor (TCR) with antigenic peptide
bound to major histocompatibility complex (MHC). This pro-
cess is critically regulated by the formation of immunological
synapses, which are large-scale molecular movements that
are accompanied by remodeling of the actin cytoskeleton
(1). Membrane polarization and cytoskeletal dynamics are
also necessary for leukocytes to migrate efficiently toward a
chemoattractant source and both processes are regulated by
Rho, Rac and Cdc42, which are members of the Rho family of
small GTPases (2, 3).

Rho-family small GTPases act as molecular switches by
cycling between GDP-bound inactive and GTP-bound ac-
tive states, and transmit the signals through interactions with
arrays of effector proteins (4). Stimulus-induced generation
of the active form of small GTPases is catalyzed by guanine
nucleotide exchange factors (GEFs) (5, 6). There are two dis-
tinct families of GEFs: Dbl homology (DH)-domain-containing
proteins and dedicator of cytokinesis (DOCK) proteins (6).
The first GEF to be discovered was a member of the Dbl
family, which now includes more than 70 members (5, 6).
Until recently, DH-domain-containing proteins have been
considered to be the universal GEFs in eukaryotes. However,
since our discovery of DOCK2 in lymphocyte migration (7),
accumulating evidence indicates that the DOCK proteins act
as major GEFs in varied biological settings (8, 9).

The DOCK family consists of 11 members and is classified
into four subfamilies—DOCK-A (DOCK1, 2 and 5), DOCK-B
(DOCKS3 and 4), DOCK-C (DOCK®6, 7 and 8) and DOCK-D
(DOCK9, 10 and 11)—based on their sequence and sub-
strate specificity. The DOCK family proteins are characterized
by two evolutionarily conserved domains: DOCK homology
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region-1 (DHR-1) and DHR-2 (8, 9). While the DHR-2 do-
main catalyzes the GDP-GTP exchange reaction for Rac and
Cdc42 (10, 11), the DHR-1 domain is involved in recruitment
and localization of GEFs to the membrane compartments via
binding to phospholipids (12, 13). Here, we review immune
regulatory functions of DOCK family proteins in health and
diseases, especially focusing on DOCK2 and DOCKS, be-
cause these molecules play central roles in immune surveil-
lance in humans and mice.

DOCK2

Expression, structure and localization of DOCK2

DOCK2 was the second DOCK protein to be identified in
mammals and belongs to the DOCK-A subfamily [KIAA0209
in (14)]. Whereas other DOCK-A subfamily members, DOCK1
and DOCKS5, are expressed in various tissues, DOCK2 ex-
pression is restricted to hematopoietic cells (7). In response
to various stimuli, DOCK2 binds to phosphatidylinositol 3,4,5
triphosphate (PIP,), a lipid product of phosphatidylinositol
3-kinases (PI3Ks), through the DHR-1 domain and trans-
locates to the plasma membrane (15). In addition, DOCK2
associates with phosphatidic acid (PA) via its C-terminal poly-
basic amino acid region (PBR) (16).

Although DOCK2 does not contain a DH domain, DOCK2
mediates the GDP-GTP exchange reaction for Rac by means
of its DHR-2 domain. The crystal structure of the DOCK2
DHR-2 domain and Rac revealed that this domain consists of
three lobes (lobes A-C), but Rac binding is exclusively me-
diated by lobes B and C (8, 17). Among amino acid residues
of lobes B and C, the valine residue located in the catalytic
center of the DHR-2 domain (Val1538 in murine DHR-2 and
Val1539 in human DHR-2) is important, because it functions
as a ‘nucleotide sensor’ that mediates Mg2+ exclusion and
GDP release from Rac (17). As Mg2* is important for coord-
inating nucleotide binding through neutralizing the negatively
charged phosphate groups, its exclusion profoundly reduces
nucleotide affinity, leading to GDP release (17). Indeed, the
Rac GEF activity of DOCK2 is completely lost when this valine
is mutated to alanine (designated the GEF-dead VA mutant)
(18).

Additionally, DOCK2 associates with ELMO1 (engulfment
and cell motility protein 1) through its N-terminal Src hom-
ology 3 (SH3) domain and additional helix bundle formation
(19). This interaction is also involved in DOCK2-mediated
cellular functions, probably by relieving autoinhibition of
ELMO1 or promoting protein stability of DOCK2 (19, 20). On
the other hand, unlike DOCK1 and DOCK5, DOCK2 lacks the
C-terminal proline-rich motif that mediates the association
with the adaptor proteins Crkll and CrkL (Fig. 1) (21).

Role of DOCKZ2 in lymphocyte trafficking

Trafficking of lymphocytes is of central importance for induc-
tion of adaptive immune responses. T and B cells migrate
into the secondary lymphoid organs (SLOs), such as periph-
eral lymph nodes (PLNs), spleen and Peyer’s patches, via
the blood (22). This process is regulated by homeostatic
chemokines CXCL13, CCL19 and CCL21 that fulfill two major

functions. First, CCL21 presented by high endothelial venules
(HEVs) binds to its receptor CCR7 expressed on lymphocytes,
which increases adhesiveness of integrins, in particular LFA-
1, on blood-borne lymphocytes. Adherent lymphocytes then
rearrange their cytoskeleton to squeeze through the HEV cell
layer (22). A second function of chemokines is the establish-
ment of specific microenvironments within lymphoid tissue.
Interstitial T and B cells segregate into specific T-cell zones
and B-cell follicles, which are defined by CXCL13 expression
in B-cell follicles and CCL19/CCL21 expression in T-cell areas
(22).

When wild-type (WT) lymphocytes were stimulated in vitro
with CCL21 and CXCL13, they efficiently migrated in a dose-
dependent manner. However, Dock2-deficient (Dock27)
lymphocytes did not show any migratory responses to these
chemokines, resulting in severe atrophy of the SLOs (7, 23).
Using two-photon microscopy, we also revealed that DOCK2
deficiency markedly reduced the migration speed of T and B
cells inside lymphoid tissue of live mice (24). In addition, al-
though sphingosine-1-phosphate (S1P) is known to mediate
lymphocyte egress from the LNs (25), this process was also
impaired in the absence of DOCK2 (24). Thus, DOCK2 plays
key roles in all steps of lymphocyte trafficking.

G proteins (guanine nucleotide-binding proteins) are clas-
sified into two groups—small GTPases and heterotrimeric
G proteins—the latter of which are composed of Ga, Gp
and Gy subunits and are activated by GPCRs (G-protein-
coupled receptors). Chemokine receptors and S1P recep-
tors are coupled with heterotrimeric Ga,-containing proteins
(26). Upon binding of chemokines and S1P to their recep-
tors, the G protein is dissociated into the a-subunit and the
By-subunits, which activates a variety of signaling pathways
including Rac (26). In Dock2” lymphocytes, chemokine-
induced Rac activation and actin polymerization were almost
completely abolished, without affecting Akt phosphorylation
and Ca?* mobilization (7). When WT DOCK2 was expressed
in Dock2” T cells, the migration speed on stromal cells
marked increased (18). However, the expression of the VA
mutant lacking the Rac GEF activity failed to restore T-cell
motility (18). These results indicate that DOCK2 regulates
lymphocyte migration by acting as a Rac GEF (Fig. 1).

Role of DOCKZ2 in immunological synapse formation

Engagement of antigen-receptors induces the formation of im-
munological synapses at the interface between lymphocytes
and antigen-bearing cells or target cells. We found that TCR-
mediated Rac activation was almost completely abolished
in Dock2~- T cells (27). The 2B4 TCR recognizes moth cyto-
chrome C (MCC) peptide bound to I-E* or I-E®> MHC molecules.
When WT CD4* T cells expressing the 2B4 TCR were stimu-
lated in vitro with MCC peptide, both TCR and lipid raft local-
ized to the interface (27). However, such TCR polarization and
lipid-raft clustering were impaired in the absence of DOCK2,
resulting in a significant reduction of T-cell proliferation (27).
Interestingly, the number of double-positive (DP) thymocytes
was markedly reduced in Dock2-- 2B4 TCR transgenic (TQ)
mice, suggesting that DOCK2 regulates the threshold for posi-
tive selection in the thymus probably through immunological
synapse formation (27). Similarly, B-cell antigen-receptor
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Fig. 1. Schematic representation highlighting the roles of DOCK2 in immune surveillance. DOCK2 binds to phosphatidylinositol 3,4,5-triphos-
phate (PIP,) through the DHR-1 region and mediates the GTP-GDP exchange reaction for Rac by means of its DHR-2 domain. DOCK2 is a
major Rac GEF that acts downstream of antigen-receptors and chemokine receptors (GPCRs) to control migration, activation and effector func-
tions of leukocytes. On the other hand, although DOCK2 regulates TLR7/9-mediated type | IFN induction in pDCs via Rac activation, how Rac
is activated in response to nucleic acid ligands remains unknown. DOCK2 also binds to engulfment and cell motility protein 1 (ELMO1) and
phosphatidic acid (PA), and these interactions are functionally important.

(BCR)-mediated Rac activation and immunological synapse (Fig. 1), which are innate lymphocytes that play an important
formation were impaired in Dock2-- B cells, which resulted in role in protective immunity against virus infection and tumor
defective plasma cell differentiation in vivo (28). progression via contact-dependent cytotoxicity. NK cells ex-

The mechanistic basis for DOCK2-mediated immunological press multiple activating-receptors including NKG2D that
synapse formation was analyzed in natural killer (NK) cells binds to the MHC class I-like ligand Rae1 expressed on the
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target cells (29). Ligation of activating-receptors with their lig-
ands induces receptor clustering at the interface and triggers
polarized movement of lytic granules to the contact sites. We
found that NKG2D-mediated Rac activation and lytic synapse
formation were severely impaired in Dock2”- NK cells (30).
This defect was rescued by expressing WT DOCK2, but not
the GEF-dead VA mutant, indicating that DOCK2 regulates the
lytic synapse formation through Rac activation (30). On the
other hand, DOCK2 was recruited to the synapse in a manner
dependent on PI3K activation and PIP, production (30).
A similar mechanism has been shown in CD8* T cells (31).

Collectively, these results indicate that the PIBK-DOCK2—-
Rac axis plays key roles in antigen-receptor-mediated
lymphocyte functions. So far, the DH-domain-containing Vav
proteins (Vav1-Vav3) have been considered to be major Rac
GEFs acting downstream of antigen-receptors in T cells, B
cells and NK cells (32-38). However, considering the result
by Miletic et al. showing that immunological defects of Vav-
deficient T cells can be rescued by the expression of a Vav
mutant lacking the intrinsic GEF activity, it is likely that Vav
proteins regulate the development and activation of lympho-
cytes by functioning as adaptor molecules and assembling
signaling complexes (39).

Role of DOCK?2 in neutrophil chemotaxis and production
of reactive oxygen species

Neutrophils are highly motile leukocytes and play important
roles in the innate immune response to invading pathogens.
By sensing the gradient of chemoattractants such as N-formyl-
Met-Leu-Phe (fMLP) and C5a via GPCRs, neutrophils migrate

to the site of infection. As neutrophil chemotaxis requires Rac
activation (40), significant efforts have been made to iden-
tify a Rac GEF that functions downstream of chemoattractant
receptors in neutrophils. P-Rex1 is a PIP,-dependent and
Gpy-regulated GEF that has been purified from neutrophils
(41). Since the discovery of P-Rex1 in 2002 (41), it had been
considered that P-Rex1 would be a major Rac activator crit-
ical for neutrophil chemotaxis (42). However, it was shown
that neutrophil chemotaxis is only mildly affected in P-Rex1-
deficient neutrophils and P-Rex1 itself directly activates RhoG
(another Rho family of small GTPase), but not Rac (43-45).
On the other hand, we found that fMLP-induced activation
of Rac was severely impaired in Dock27-neutrophils, resulting
in marked reduction of motility and polarity of neutrophils (15).
As Rac is a cytosolic component of NADPH oxidases (46),
fMLP-induced or phorbol 12-myristate 13-acetate-induced
production of reactive oxygen species (ROS) was markedly
reduced in Dock2”- neutrophils (15). In addition, formation of
neutrophil extracellular traps (NETs), which is dependent on
ROS production, was also defective in Dock2”7 neutrophils
(47). Thus, DOCK?2 is a major Rac GEF that regulates neutro-
phil chemotaxis, ROS production and NETs formation (Fig. 2).
To explore the mechanism controlling intracellular DOCK2
dynamics during neutrophil chemotaxis, we developed the
‘knock-in” mice that express endogenous DOCK2 as a fu-
sion protein with green fluorescent protein (GFP) (15, 16).
Upon stimulation, we found that DOCK2 rapidly translocated
to the plasma membrane in a PIP_-dependent manner (16).
However, subsequent accumulation of DOCK2 at the leading
edge required phospholipase-D-mediated synthesis of PA
to stabilize DOCK2 localization and increase local actin
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Fig. 2. A model for CS-mediated chemical barrier formation in immune-privileged sites. CS is a naturally occurring DOCK2 inhibitor and pre-
vents leukocyte infiltration by creating a chemical barrier. It is likely that CS acts locally and contributes to the generation of immune evasive
microenvironments in certain tissues and organs known as immune-privileged sites.



polymerization (16). When this interaction was blocked, neu-
trophils failed to form leading edges properly and exhibited
defects in chemotaxis (16). These results indicate that intra-
cellular DOCK2 dynamics are sequentially regulated by two
distinct phospholipids, PIP, and PA, to localize Rac activation
during neutrophil chemotaxis.

Role of DOCK?2 in production of type | interferons by
plasmacytoid dendritic cells

Dendritic cells (DCs) are classified into two populations—
myeloid DCs (mDCs) and plasmacytoid DCs (pDCs)—ac-
cording to their morphology, cell surface markers and their
functions. We found that DOCK2 deficiency also impaired
chemokine-induced Rac activation and migratory responses
of pDCs (48). In contrast, Dock2” mDCs did not show any
defects in Rac activation and migration. Unlike pDCs, mDCs
express DOCK1, DOCK2 and DOCKS5 (48). Therefore, in
mDCs, the effect of DOCK2 deficiency may be functionally
compensated by DOCK1 and DOCKS5, both of which are
known as Rac-specific GEFs.

Upon recognition of Toll-like receptor 7 (TLR7) and TLR9,
which are intracellular receptors that recognize nucleic acid
ligands, pDCs produce not only inflammatory cytokines, but
also large amounts of type | interferons (type | IFNs, i.e. IFN-
a and IFN-B) (49). In pDCs, type | IFN induction critically de-
pends on interferon regulatory factor 7 (IRF-7) (50). Although
it is known that IKK-a directly binds to and activates IRF-7
(51), the signaling cascades leading to type | IFN induction
are not completely defined. We found that the exposure of
pDCs to nucleic acid ligands induced Rac activation through
a TLR-independent and DOCK2-dependent mechanism
(52). This Rac activation was dispensable for production of
inflammatory cytokines such as IL-6 and IL-12p40. However,
phosphorylation of IKK-a and nuclear translocation of IRF-7
were impaired in Dock2”- pDCs, resulting in selective loss of
type I IFN induction (52). Although the precise mechanism of
how Rac is activated in response to nucleic acid ligands re-
mains unknown, these results indicate that the DOCK2-Rac
signaling pathway acts in parallel with TLR engagement to
control IKK-a activation for type | IFN induction (Fig. 1).

DOCK?2 deficiency in humans

It was recently reported that bi-allelic DOCK2 mutations in hu-
mans cause severe combined immunodeficiency with early-
onset, invasive bacterial and viral infections (53, 54). These
mutations include frameshift mutations, missense mutations
and splice region mutations, which resulted in absent or
markedly reduced levels of DOCK2 protein expression or in
expression of a truncated protein lacking the DHR-2 domain
(53, 54). Leukocytes from DOCK2-deficient patients exhibit
multiple defects, including those in chemotactic responses
of T and B cells, degranulation of NK cells, ROS produc-
tion by neutrophils and type | IFN production by peripheral
blood mononuclear cells (563, 54). These abnormalities are
quite similar to the phenotypes of Dock27- mice as described
above, highlighting the central role of DOCK2 in immune sur-
veillance in both humans and mice.
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Identification of cholesterol sulfate as a naturally occurring
DOCK?2 inhibitor

Although immune responses are crucial to protect our body
from invading pathogens, they generally carry a risk of
damaging vital tissues as well. Therefore, certain tissues and
organs, such as the eye, the brain and the pregnant uterus,
constitute specialized microenvironments that locally inhibit
immune reactivity. This phenomenon is classically known as
immune privilege (55). However, the underlying mechanisms
remain to be determined.

By screening a library of pharmacologically active com-
pounds, we found that cholesterol sulfate (CS) is a potent
inhibitor of DOCK2 (56). Indeed, CS directly bound to the
DOCK2 DHR-2 domain and inhibited its Rac GEF activity
with a half-maximal inhibitory concentration of 2.0 uM (56).
Functionally, CS effectively inhibited the migratory response of
T cells to CCL21 in a concentration-dependent manner (56).
This inhibitory effect was specific to CS, because other chol-
esterol derivatives did not affect the migration of lymphocytes
(56). Consistent with this, treatment of lymphocytes with CS
markedly suppressed CCL21-mediated Rac activation (56).
Interestingly, we found that in the TAXIScan assay, neutro-
phils undergoing chemotaxis stopped migration at a defined
distance when CS was added to the fMLP source (56). Thus,
CS prevents leukocyte infiltration by creating a ‘chemical bar-
rier’ (Fig. 2).

CS has been implicated in many biological processes
(57-59), yet its physiological functions remain elusive. We
found that CS was most abundantly produced in mice in
the Harderian gland (equivalent to Meibomian gland in hu-
mans) (56), which provides lipids to form the oily layer of
the tear film. Mass spectrometry imaging also revealed that
CS was present in the anterior chamber. Sulfation of choles-
terol is mediated by the sulfotransferase SULT2B1b and, to a
lesser extent, SULT2B1a, which are produced from the same
gene Sult?b1 through alternative splicing. By genetically
inactivating Sult2b1, we found that the lack of CS augmented
ultraviolet-induced and antigen-induced ocular surface in-
flammation (56). These results indicate that CS contributes to
the generation of the immune evasive microenvironments in
the eye (Fig. 2).

DOCK8

Expression, structure and localization of DOCK8

DOCKS8 is expressed not only in hematopoietic cells, but also
in non-immune tissues such as lung, pancreas, kidney and
placenta (60). DOCK8 belongs to the DOCK-C subfamily.
Although DOCKS8 reportedly activates both Rac and Cdc42,
the bacterially expressed DOCK8 DHR-2 domain mediated
GTP loading on Cdc42, but not Rac. In order to understand
the mechanism underlying the Cdc42 specificity of DOCKS,
we determined the crystal structure of DOCK8 DHR-2 domain
complexed with Cdc42 (61). Lobes B and C of DOCK8 DHR-2
generate a cooperative interface with Cdc42, in a manner
similar to DOCK9, a well-known Cdc42-specific GEF (11, 61).
A structural comparison between the DOCK8 DHR-2-Cdc42
and DOCK2 DHR-2-Rac1 complexes revealed that lobes B
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and C of the DHR-2 domain are arranged in different orienta-
tions for Cdc42 or Rac1 (8), supporting the idea that DOCK8
acts as a Cdc42-specific GEF (Fig. 3). On the other hand,
the amino acid sequence of the DOCK8 DHR-1 domain is
totally different from that of DOCK2 DHR-1. Therefore, it is
conceivable that phospholipid other than PIP, binds to the
DOCK8 DHR-1 domain and controls its localization. In add-
ition, recent studies have identified DOCK8-binding partners
such as mammalian ste-20 like kinase 1 (MST1; see below),
leucine repeat adaptor protein 35a (LRAP35a; see below),
WASP-interacting protein (WIP), leucine-rich repeat and
calponin homology domain-containing protein 1 (LRCH1)
and septin 7 (62-66).

DOCKS deficiency in humans and mice

The bi-allelic DOCK8 mutations in humans cause combined
immunodeficiency characterized by recurrent viral infections,
early-onset malignancy and atopic dermatitis (AD) (67).
Although DOCKS8 deficiency is rare, more than 200 cases
have been reported worldwide to date and it is becoming a
well-recognized primary immunodeficiency (67-69). DOCK8
deficiency syndrome is an autosomal recessive disease
caused by loss-of-function mutations in the DOCK8 gene
(67). Most cases are associated with large deletions, which
results in absent or trace amounts of expressed DOCK8
protein (67-69).

Accumulating evidence indicates that human patients with
DOCK8 mutations have morphological and functional ab-
normalities of leukocytes (70-72). In addition, the important
roles of DOCK8 in leukocytes have been demonstrated using
animal models. For example, N-ethyl-N-nitrosourea (ENU)-
mediated mutagenesis in mice has shown that DOCKS8
regulates immunological synapse formation in B cells and is
required for development or survival of memory CD8+ T cells,
NKT cells and group 3 innate lymphoid cells (72-77). On the
other hand, by generating DOCK8-deficient (Dock87) mice,
we and others have shown that DOCKS is essential for inter-
stitial migration of mDCs (61, 78, 79).

Role of DOCK8 in migration of interstitial mDCs

The mDCs are the most potent antigen-presenting cells that
reside in peripheral tissues such as skin. Upon antigen ex-
posure, mDCs phagocytose antigens and migrate via the af-
ferent lymphatic vessels into the draining PLNs to stimulate
T cells (22). During this process, mDCs switch their sessile
sampling behavior to a highly migratory behavior, which is
characterized by the acquisition of a polarized morphology
and increased expression of the chemokine receptor CCRY.
Although CCRY7 signals guide mDCs to the LN parenchyma
(80), mDCs must pass through three-dimensional interstitial
space composed of fibrillar extracellular matrix (ECM) be-
fore reaching their destination. To perform this task efficiently,
mDCs constantly adapt their shape to the given structure of
the interstitial ECM and follow the path of least resistance (81).
This amoeboid migration of mDCs occurs independently of
adhesion to specific substrates and ECM degradation (82,
83), yet its regulatory mechanisms are poorly understood.
We found that, in the absence of DOCK8, mDCs failed to
accumulate in the LN parenchyma for T-cell priming (61).

Although DOCKS8-deficient mDCs migrated normally on
two-dimensional surfaces, DOCK8 was required for mDCs
to pass through the narrow gaps of three-dimensional (3D)
fibrillar networks and transmigrate through the subcapsular
sinus floor of the LNs (61). In this process, the GEF activity
of DOCK8 was required. We found that DOCK8 associated
with LRAP35a, an adaptor molecule that binds to the Cdc42
effector MRCKa (myotonic dystrophy kinase-related Cdc42-
binding kinase a), and facilitated its activity to phosphorylate
myosin Il regulatory light chain (MLC2) (63). When this inter-
action was disrupted in WT mDCs, they showed a migration
defect, as seen in Dock8”~ mDCs (63). Thus, during mDC
migration, DOCKS links Cdc42 activation to actomyosin dy-
namics through an interaction with LRAP35a (Fig. 3).

DOCKS8 acts as negative regulator for IL-31 induction in
helper T cells

IL-31 is a cytokine that is related to the IL-6 cytokine family
in terms of its structure and receptor complex (84). Recently,
much attention has been paid to IL-31 as an AD-associated
itch mediator since the discovery of the pruritogenic action of
IL-31 in mice (85). IL-31 is mainly produced by CD4* T cells
and transmits signals via a heterodimeric receptor composed
of IL-31 receptor A (IL-31RA) and oncostatin M receptor
(OSMR), both of which are expressed in various cell types
including dorsal root ganglion (DRG) neurons (86). A recent
clinical study has demonstrated that blockade of IL-31 sig-
nals by a specific antibody for IL-31RA alleviates pruritus in
patients with AD (87). However, the mechanisms controlling
IL-81 induction in helper T cells are poorly understood.

To examine the role of DOCKS8 in antigen-specific T-cell re-
sponses, we developed Dock8 mice expressing the OTII
TCR that recognizes OVA peptide bound to I-A> MHC mol-
ecules. OVA-specific T cell proliferation occurred normally
even in the absence of DOCK8. However, these CD4* T cells
produced large amounts of IL-31, as compared with those of
Dock8*- OTll Tg CD4* T cells. To examine whether this effect
could be extended to other CD4* T cells with different antigen
specificity, we developed Dock8”- mice expressing the AND
TCR on the genetic background of C57BL/6 mice. The AND
TCRis a product of artificial TCRa-chain combination, which
recognizes the MCC peptide in the context of I-EXx MHC mol-
ecules; yet, it is known that CD4+*CD8* thymocytes expressing
AND are also selected to mature in the presence of I-A> MHC
molecules (88). As seen in Dock8” OTIl Tg mice, CD4* T
cells from Dock8* AND Tg mice produced large amounts
of IL-31 upon stimulation with MCC peptide. Thus, DOCK8
generally acts as a negative regulator for IL-31 induction in
CD4+ T cells (62).

Recent evidence indicates that the AND TCR shows
high self-reactivity to selecting I-A® MHC molecules (89).
Surprisingly, we found that Dock8/ AND Tg mice spontan-
eously developed severe skin inflammation with scratching
behavior and increased serum IL-31 levels (62). However,
this skin inflammation was completely lost in Dock8" AND
Tg mice when OSMR expression was deleted. These results
indicate that Dock8”~ AND Tg mice spontaneously develop
atopic skin inflammation through the mechanism dependent
on IL-31 signaling (62).
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Fig. 3. GEF-independent or GEF-dependent immune regulatory functions of DOCK8. DOCKS8 is a Cdc42-specific GEF that links Cdc42 activa-
tion to actomyosin dynamics through the association with LRAP35a. This signaling cascade is required for mDCs to pass through the narrow
gaps of three-dimensional (3D) fibrillar networks and transmigrate through the subcapsular sinus floor of the LNs. On the other hand, IL-31 is
a major pruritogen associated with AD. DOCK8 negatively regulates antigen-induced IL-31 production by helper T cells. This function does
not require the Cdc42 GEF activity, but is mediated by formation of trimolecular complex composed of mammalian ste-20 like kinase 1 (MST1)

and endothelial PAS domain 1 (EPAS1). EPAS1 is a master regulator for IL-31 induction, thereby serving as a therapeutic target for controlling
AD-associated itch.
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By functionally analyzing the transcription factors
up-regulated in Dock87 CD4* T cells in microarrays, we iden-
tified endothelial PAS domain 1 (EPAS1) as a master regulator
for IL-31 induction in CD4* T cells (62). Indeed, induction of
1131in Dock8 AND CD4+* T cells was markedly suppressed by
knocking down Epas1 gene expression using small interfering
RNA (siRNA). Similar results were obtained when /31 gene
expression was analyzed in CD4* T cells from Dock87 AND
Tg mice lacking EPAS1 expression in a T-cell-specific manner
(CD4-Cre* Epas1*/>Dock8” AND Tg mice). More import-
antly, scratching behavior, skin disease development and
increased serum IL-31 level were cancelled in all CD4-Cre*
Epas1°*Dock8” AND Tg mice tested. Although EPAS1 is
known to form a complex with aryl hydrocarbon receptor nu-
clear translocator (ARNT) and control hypoxic responses (90),
EPAS1-mediated /1371 promoter activation was independent of
ARNT, but acted in collaboration with SP1 (62).

To understand the mechanism by which DOCKS8 negatively
regulates IL-31 induction, we examined the effect of DOCK8
deficiency on subcellular localization of EPAS1 in mouse em-
bryonic fibroblasts (MEFs). We found that nuclear localiza-
tion of EPAS1 was markedly augmented in Dock87- MEFs, as
compared with that in WT MEFs. This effect of DOCK8 defi-
ciency was cancelled when either WT DOCK8 or a DOCK8
mutant lacking the DHR-2 domain was stably expressed in
Dock87- MEFs. However, the expression of the DOCK8 mu-
tant lacking the N-terminal 527 amino acid residues failed to
suppress nuclear accumulation of EPAS1 in Dock87~ MEFs,
indicating that the N-terminal region of DOCKS8 is important
for controlling subcellular localization of EPAST.

During the course of screening for DOCK8-binding proteins,
we found that DOCK8 bound to MST1 through the N-terminal
region. When Mst1 gene expression was knocked down in
WT MEFs, nuclear translocation of EPAS1 was significantly
augmented. More importantly, knockdown of Mst1 markedly
induced /131 gene expression in CD4* T cells from Dock8*~
AND Tg mice. These results indicate that the DOCK8-MST1
axis negatively regulates IL-31 induction by inhibiting nuclear
translocation of EPAS1 (62) (Fig. 3).

A cautionary tale about immune phenotypes of
gene-targeted mice

Gene targeting has become a powerful approach to dis-
sect the role of genes in vivo. To assess the phenotypes of
gene-targeted mice, it is a common practice to backcross
into the C57BL/6 background. Recently, however, a homo-
zygous copy-number variant that disrupts the function of
DOCK2 was found in a commercially available C57BL/6
strain (C57BL/6NHsd) that is widely used for backcrossing
(91). The originally reported immune defective phenotypes
of mice deficient in interferon regulatory factor 5 (/rf5), sialic
acid acetyl esterase (Siae) and cytidine monophosphate
N-acetylneuraminic acid hydroxylase (Cmah) on this back-
ground turned out to be due to the DOCK2 deficiency (91—
93). Fortunately, a range of other commercially available
C57BL/6J and C57BL/6N mice have only WT Dock2 (91).
Apparently unrelated, a role in the adaptive immune re-
sponse was wrongly assigned to the inflammasome adaptor
ASC (apoptosis-associated speck-like protein containing a

CARD) because of the loss of DOCK2 expression in some
backgrounds (94). Similarly, coincidental loss of DOCK8 in
NLRP10 (NOD-like receptor family pyrin domain-containing
10)-deficient mice led to an mDC migration defect, which is
unrelated to NLRP10 function (78). At least one strain of C3H/
Hed mice harbors a Dock8 mutation that partially impairs
mDC migration (78). The sheer size of Dock2 (52 exons in
>550 kb) and Dock8 (48 exons in >200 kb) may potentially
give rise to the problems. Nonetheless, these observations
independently confirmed the crucial roles of DOCK2 and
DOCK8 in immune surveillance. Thus, it should be recom-
mended as a cautionary measure to check the status and
functions of DOCK2 and/or DOCK8 when interpreting any im-
mune related phenotypes of gene-targeted mice.

Summary and perspectives

Studies over the last two decades have established that
DOCK?2 is a major Rac activator critical for migration and ac-
tivation of leukocytes. The DOCK2 DHR-2 domain exhibits
100- to 200-fold stronger Rac GEF activity in vitro, as com-
pared with those of the DH-PH (pleckstrin homology) do-
mains of the classical Rac GEFs such as Trio and Tiam (56).
This is likely to make DOCK2 a ‘special’ Rac GEF that medi-
ates non-redundant functions during immune responses.

Recent advances in biochemical and structural studies
have provided a novel insight into how DOCK2 activates Rac
and induces cytoskeletal reorganization. Additionally, iden-
tification of DOCKZ2-deficient patients revealed that DOCK2
plays key roles in immune surveillance in both humans and
mice. As such, it was surprising to find that CS acts as a natur-
ally occurring DOCK?2 inhibitor and mediates immune evasion
in the eye by creating a chemical barrier. Besides the classic-
ally known immune-privileged sites, various tissues, including
tumors, also create microenvironments that help them evade
immune surveillance. Therefore, further studies are needed to
unravel the potential roles of CS in other tissues.

On the other hand, DOCKS8 acts as a Cdc42-specific GEF
and its mutations in humans cause combined immunodefi-
ciency characterized by recurrent viral infections, early-onset
malignancy, and AD. We found that Dock8”~ AND Tg mice
spontaneously developed severe skin inflammation with in-
creased serum IL-31 levels. By analyzing these mice, we
identified EPAS1 as a master regulator for IL-31 induction in
helper T cells. Recently, the use of Dock87 AND Tg mice
also led us to identify neurokinin B as a key molecule that
transmits an IL-31-induced itch sensation in the spinal cord
(95). Thus, Dock8” AND Tg mice could be a useful animal
model to understand the pathogenesis of AD. Interestingly,
although DOCKS8-deficient patients also suffer from severe
food allergies (96), this manifestation does not improve after
bone marrow transplantation (96, 97). Therefore, elucidation
of the underlying mechanism for food allergies would be a
challenging clinical problem in this field.
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