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Introduction

Summary

Dedicator of cytokinesis 2 (Dock2), an atypical guanine exchange factor,
is specifically expressed on immune cells and mediates cell adhesion and
migration by activating Rac and regulates actin cytoskeleton remodeling.
It plays a crucial role in the migration, formation of immune synapses,
cell proliferation, activation of T and B lymphocytes and chemotaxis of
pDCs and neutrophils. However, in-vivo physiological functions of Dock2
have been relatively seldom studied. Our previous studies showed that
Dock2™~ mice were highly susceptible to colitis induced by Citrobacter
rodentium infection, and in early infection, Dock2™~ mice had defects in
macrophage migration. However, the specific roles of Dock2 in the migra-
tion and functions of macrophages are not clear. In this study, we found
that the expression of chemokines such as chemokine (C-C motif) ligand
(CCL)4 and CCL5 and chemokine receptors such as chemokine (C-C motif)
receptor (CCR)4 and CCR5 in bone marrow-derived macrophages (BMDM)
of Dock2”~ mice decreased after infection, which were supported by the
in-vivo infection experimental results; the Transwell experiment results
showed that Dock2~~ BMDM had a defect in chemotaxis. The bacterial
phagocytic and bactericidal experiment results also showed that Dock2~~
BMDM had the defects of bacterial phagocytosis and killing. Furthermore,
the adoptive transfer of wild-type BMDM alleviated the susceptibility of
Dock2™~ mice to C. rodentium infection. Our results show that Dock2
affects migration and phagocytic and bactericidal ability of macrophages
by regulating the expression of chemokines, chemokine receptors and their
responses to chemokine stimulation, thus playing an essential role in the
host defense against enteric bacterial infection.
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the colitis induced by Citrobacter rodentium infection is
involved in both innate and acquired immune responses

Inflammatory bowel disease (IBD), including ulcerative
colitis (UC) and Crohn’s disease (CD), is a recurrent
intestinal inflammation with unclear etiology. Its lesions
mainly involve ileum, rectum and colon, and its clinical
manifestations include diarrhea, abdominal pain and hema-
tochezia, etc.; therefore, IBD seriously affects the life quality
of patients [1,2]. IBD has become a global disease, gener-
ally more prevalent in developed countries. However, the
last decade of data has also shown an increasing incidence
in newly industrialized countries [3]. So far, there have
been many types of IBD animal models, among which

[4-6]. However, the specific roles of many host genes or
proteins in regulating immune cell function during
C. rodentium infection remain largely unclarified.
Dedicator of cytokinesis (Dock2), described initially as
KIAA0209, is a member of the Drosophila melanogaster
myoblast city (CDM) family of proteins [7]. Dock2 is a
guanine nucleotide exchange factor (GEFs), which can medi-
ate GTP-guanosine diphosphate (GDP) exchange and spe-
cifically activate the small G protein Racl, regulating the
cytoskeleton formation [8]. It is very conservative in the
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evolutionary process and can play different roles by the
interaction of its structural domains with other molecules
[9,10]. First, the Dock homology region (DHR)-1 domain
promotes the translocation and polarization of Dock2 to
the cell membrane by inducing polarized accumulation of
F-actin and phosphatidylinositol 3,4,5-triphosphate (PIP3)
[11]. Secondly, the DHR2 domain has guanine nucleotide
exchange activity to activate Rac [12]. Thirdly, the Src
homology3 (SH3) domain can bind to the carboxyl-terminal
of engulfment and cell motility protein 1 (ELMO1), making
SH3 unable to inhibit DHR2 and enhancing the activation
of Rac and maintaining the protein level of Dock2 [13,14].

Dock2 can regulate the migration of pDCs and neu-
trophils by activating Rac [15-19]. Dock2 can also regulate
T and B cell development and proliferation through affect-
ing the formation of immune synapses and the migration
of T and B cells under the stimulation of chemokines
[20-22]. Dock2 plays a vital role in Rac activation induced
by activation of chemokine receptor and antigen receptors,
regulating migration and activation of various immune
cells [23]. However, it is not clear whether Dock2 regulates
the migration and activation of macrophages.

Our previous study showed that Dock2~/~
more susceptible to C. rodentium infection than controls.
Compared with wild-type (WT) mice, the bacteria in
Dock2”~ mice were more likely to spread to the whole-
body organs, and their ability to recruit immune cells
was reduced. Also, more bacterial adhesion in intestinal
mucosa at the early stage of infection and less macrophage
migration were observed in Dock2~~ mice [24], suggesting
the role of Dock2 in innate immunity against enteric
bacterial infection.

During intestinal inflammation, the chemotactic effect
of macrophages in inflammatory sites is mainly mediated
by chemokine signaling. Studies have shown that Racl
induced polarization and directional movement of mac-
rophages through the phosphatidylinositol 3-kinase (PI3K)
activation mediated by C-C motif chemokine ligand (CCL)
4 and CCL5 [25,26]. The binding of chemokines to
chemokine receptors also leads to signal transduction and
intracellular activation events which, in turn, induce mac-
rophages to change shape and continue to migrate into
inflammatory areas, and therefore a large number of acti-
vated macrophages continually migrating from the circula-
tory system to the mucosal layer [27]. CDM family protein
is considered as a regulator of cytoskeleton dynamics by
acting on the upstream of Rac during phagocytosis and
cell migration [28-30], but it is still not clear which
chemokine effects were mediated by Dock2 during mac-
rophage migration.

In this study, we show that Dock2 deficiency led to
decreased expression of chemokines CCL4 and CCL5 and
their chemokine receptors C-C motif chemokine receptor

mice were

(CCR)4 and CCR5 on macrophages and reduced cell
responsiveness to chemokine stimulation, affecting mac-
rophage migration. Dock2 also mediates phagocytic and
bactericidal functions of macrophages. Transfer of WT
macrophages into Dock2™/~ mice increased the host resist-
ance to C. rodentium infection. This suggests that Dock2
may regulate the migration and phagocytosis and bacte-
ricidal function of macrophages, becoming a potential
therapeutic target for the treatment of IBD.

Methods

Mice

Dock2™/~ mice have been described previously [31], and
C57BL/6 mice were used as WT control. Mice were reared
in specific pathogen-free (SPF) facilities at the Experimental
Animal Center at Gannan Medical University, Ganzhou,
Jiangxi, China. Animal experiments were carried out accord-
ing to the standards of the Ethics Committee of Gannan
Medical University.

The preparation of bone marrow-derived macrophage
(BMDM)

Mice femurs were separated and removed under sterile
conditions. The bone marrow inside the femur was flushed
repeatedly with a 1-ml syringe and cells were washed
three times with phosphate-buffered saline (PBS) solution.
The bone marrow was put into the cell culture medium
containing Iscove’s modified Dulbecco’s medium (IMDM),
10% fetal bovine serum (GiBco), 30% 1929 cell culture
supernatant, 1% penicillin-streptomycin (GiBco) and 1%
non-essential amino acid (Solarbio, Beijing Solarbio Science
and Technology Co. Ltd, Beijing, China) for 5 days. The
morphological changes and growth of the cells were
observed under light microscope.

Bacterial infection

C. rodentium (ATCC no. 51459) was grown in Luria—
Bertani (LB) broth at 37°C overnight in a shaker and
subcultured the next day. Bacteria with optical density
(OD),,, between 0-6 and 0-8 were used for infection. Mice
were fasted for 4 h prior to infection with 1 x 10'° CFU
C. rodentium per mouse by oral gavage. Fecal pellets were
collected on days 4, 7 and 10 after infection. Mice were
euthanized on days 4 and 10, and colon tissues were
taken. Bacterial counts from homogenized feces were
determined with serial dilution and incubated on
MacConkey agar plates at 37°C for 24 h. For BMDM,
cells were stimulated with 20 multiplicity of infection
(MOI) of C. rodentium, 20 MOI of Salmonella typhmurium
or 1 pg/ml lipopolysaccharide (LPS) for 0, 2, 4 or 8 h.
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Histological analysis

The colon was fixed in 10% formalin, embedded in paraf-
fin, sectioned and stained with hematoxylin and eosin
(H&E), as described previously [32]. Anti-mouse F4/80
rabbit antibody (ServiceBio, Wuhan, China; cat. no.
GB11027, 1 : 500 dilution) was used for the immunohis-
tochemistry analysis of tissue macrophages.

Reverse transcription—-quantitative polymerase chain
reaction (RT-qPCR)

RNA was extracted from intestinal tissue or BMDMs with
Trizol and reverse-transcribed into cDNA. RT-qPCR was
performed on an QuantStudio 7 Flex real-time PCR instru-
ment with SYBR Green kit (ThermoFisher, Fremont, CA,
USA) using corresponding primers (the sequences are
shown in Supporting information, Table S1). f-actin was
selected as the internal reference and the relative expres-

sion of target genes in different groups was expressed as
2-AACT

Enzyme-linked immunosorbent assay (ELISA) analysis

Colon tissues or BMDM were homogenized in RIPA buffer
supplemented with protease and phosphatase inhibitors
(Roche, Basel, Switzerland). Protein levels of chemokines
in colon homogenates and cell supernatant were deter-
mined by multiplex ELISA, according to the manufacturer’s
instructions (Elabscience, Wuhan, China).

Flow cytometry analysis

WT and Dock2”~ mouse BMDM were infected with
20 MOI of C. rodentium. After 8 h, cells were stained
by fluorescent labeled antibodies against CCR1, CCR2,
CCR4 and CCR5 (BioLegend, San Diego, CA, USA) at
4°C incubation for 30 min. Cell stainings were analyzed
by flow cytometry (BD FACSCantoll; BD Biosciences, San
Jose, CA, USA).

Transwell assay

WT or Dock2”~ BMDM (2 x 10° cells) were added into
the Transwell upper chamber (Costar, London, UK), and
chemokines, including CCL2, CCL4, CCL5 and SDEF-1p
(Peprotech, Rocky Hill, NJ, USA), were added into the
lower chamber for overnight culture. The pore size was
8 pum. Then, cells were fixed with 4% paraformaldehyde
for 30 min, stained with 0-1% crystal violet for 20 min
and counted under the microscope.

Phagocytic and bactericidal analysis

WT and Dock2”~ BMDM were infected with 10 MOI C.
rodentium or S. typhmurium, and 50 pg/ml gentamicin
was added 1 h later to kill extracellular bacteria. At 2
(detection of phagocytic capacity) and 20 h (detection of
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bactericidal capacity) after infection, cells were lysed and
cultured on agar plates after a series of dilutions to count
the number of live intracellular bacteria to determine
phagocytic and bactericidal activities.

Adoptive transfer of macrophages

The suicidal liposome technique has been used to deplete
macrophages [33]. Macrophage depletion was performed using
the tail injection of 100 pl of clodronate liposomes (CL)/
macrophage scavenging agent (MSA) (Yeasen, Shanghai,
China) on days 1 and 2 before BMDM injection; 1 x 10°
WT and Dock2”~ BMDM were injected through the tail
vein to Dock2”~ mice on days 0, 4 and 7. C. rodentium
infection was performed at 12 h after macrophage transfer.

Statistical analysis

GraphPad Prism version 8.0 was used for data analysis. The
data were expressed as mean + standard error of the mean
(s.e.m.). Analysis of variance (anova) with SidaK’s post-hoc
method was used for comparison among multiple groups,
and the t-test was used for comparison between two groups.
*P < 0-05 was considered a significant difference.

Results

Dock2 regulates the expression of chemokines in
macrophages after C. rodentium infection

Previous studies have shown that Dock2 regulates the migra-
tion of macrophages after C. rodentium infection in mice
[24]. Chemokines such as MCP-1/CCL2, CCL4, CCLS5,
CCL22 and stromal cell-derived factor-1p (SDF-1B)/CXC
chemokine receptor 12 (CXCR12) were involved in the
migration of macrophages [34,35]. To investigate whether
Dock2 participates in migration of macrophages by regulat-
ing chemokine expression, WT and Dock2”~ BMDM were
cultured. C. rodentium was used to stimulate macrophages
and cells were collected after 0, 2, 4 and 8 h, respectively.
The gene and protein expression of chemokines were detected
by RT-qPCR and ELISA, respectively. The mRNA levels of
chemokines, including CCL4, CCL5 and SDF-1p in Dock27/~
BMDM were significantly lower than those in WT BMDM
after 8 h of stimulation with C. rodentium (Fig. la-c). In
contrast, the mRNA levels of CCL2 and CCL22 were not
significantly different between WT and Dock2”~ BMDM
(Fig. 1d,e). Similarly, the protein levels of these chemokines
in WT and Dock2~~ BMDM after stimulation were consist-
ent with their mRNA results (Fig. 1f-j). These results suggest
that Dock2 may regulate the gene and protein expression
of chemokines CCL4, CCL5, SDF-1f in macrophages, affect-
ing the migration of macrophages.

In order to test whether the secretion of chemokines
CCL4, CCL5 and SDF-1§ regulated by Dock2 is limited
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to C. rodentium, we stimulated WT and Dock2”~ BMDM
with LPS or 20 MOI of S. typhmurium and measured
chemokines via ELISA methods in the cell supernatants
at 0, 2, 4 and 8 h after stimulation. The results showed
that the protein levels of CCL4 and CCL5 were not sig-
nificantly different between WT and Dock2~~ BMDM after
LPS or S. typhmurium infection, although SDF-1p expres-
sion in Dock2”~ BMDM was lower than that in WT
BMDM at 8 h after S. typhmurium infection (Supporting
information, Fig. Sla—c). These results indicate that Dock2
plays a role in regulating CCL4 and CCL5 secretion dur-
ing C. rodentium infection, but not LPS stimulation or
S. typhmurium infection.

Dock2 regulates the expression of chemokine receptors
in macrophages after C. rodentium infection

Chemokine function is induced by the binding of chemokines
to their specific chemokine receptors. One chemokine can
bind to many chemokine receptors, and multiple ligands
may activate one chemokine receptor. Previous studies have
shown that B-type chemokines such as CCL2, CCl4 and
CCL5 induce the aggregation and selective activation of
macrophages in inflammatory sites [26,36]. Therefore, we
detected the expression of corresponding chemokine recep-
tors such as CCR1 (ligands CCL4, CCL5), CCR2 (ligands
CCL2), CCR4 (ligands CCL22, CCL5) and CCR5 (ligands
CCL4, CCL5) [37-39], and explore whether Dock2 also
affects the expression of chemokine receptors in macrophages.
WT and Dock2”~ BMDM were collected at 0, 2, 4 and
8 h after C. rodentium infection and the expression of
chemokine receptors was detected by RT-qPCR and flow
cytometry. The mRNA levels of CCR1 and CCR2 were not
significantly different between WT and Dock2”~ BMDM
(Fig. 2a,b). In contrast, the mRNA levels of chemokine
receptors, including CCR4 and CCR5 in Dock2”~ BMDM
were significantly lower than those in WT BMDM after
8 h of stimulation with C. rodentium (Fig. 2c,d). Flow
cytometry results also demonstrated that CCR4 and CCR5
protein levels of Dock2”~ BMDM significantly decreased
after infection with C. rodentium for 8 h, while CCR1 and
CCR2 were not statistically significantly different (Fig. 2e,f).
The expression of CCR1, CCR2, CCR4 and CCR5 was
similar between WT and Dock2~~ BMDM before C. roden-
tium infection (data not shown). These results suggest that
Dock2 may regulate the gene and protein expression of
chemokine receptors CCR4 and CCR5 in macrophages,
together with chemokine, participating in the regulation of
macrophage migration.

Dock2 regulates the expression of colonic chemokines
and their receptors after C. rodentium infection in mice

To investigate whether Dock2 regulates the expression of
chemokines and their receptors in vivo, we detected the

expression of chemokines and their receptors in colon
tissue of mice after C. rodentium infection using RT-qPCR
or ELISA. On day 4 after C. rodentium infection, there
was no difference in mRNA or protein levels of CCL4,
CCL5, SDF-1f, MCP-1 and CCL22 between WT and
Dock2”~ mice (Fig. 3a-f, Supporting information, Fig.
S2a,b). On day 10 after infection, the mRNA and protein
levels of CCL4 and CCL5, but not SDF-13, MCP-1 or
CCL22, in the colon tissues of Dock2”~ mice, in com-
parison with WT mice, were significantly decreased (Fig.
3a-f, Supporting information, Fig. S2a,b). In addition, the
mRNA levels of CCR1, CCR2, CCR4 and CCR5 were
also not significantly different at day 4 after infection
(Fig. 3g,h; Supporting information, Fig. S2¢,d). The mRNA
levels of chemokines CCL4 and CCL5 and corresponding
chemokine receptors CCR4 and CCR5, but not CCRI
and CCR2, were also significantly decreased in Dock2~/~
mice at day 10 after infection (Fig. 3g,h; Supporting infor-
mation, Fig. S2¢,d). These results suggest that Dock2 can
participate in the expression of chemokines and their
receptors in vivo, which may affect the migration of immune
cells, especially macrophages.

Dock2 affects the responsiveness of macrophages to
chemokines

To investigate whether Dock2 directly regulates macrophage
responsiveness to chemokines in addition to regulating
the expression of chemokines and their receptors, we used
the Transwell assay to test whether Dock2 directly affects
chemokine-mediated macrophage migration. We estab-
lished CCL2, CCL4, CCL5 and SDF-1p concentration
gradients to induce the migration of WT and Dock2~/~
BMDM. Compared to WT BMDM, the average cell mobility
of Dock2™/~ BMDM showed a significant reduction under
stimulation at various concentrations of CCL4, but not
CCL2, and the difference reached the maximum at a
concentration of 200 ng/ml (Fig. 4a,b). Under stimulation
of 75, 150 and 300 ng/ml CCL5, the average cell mobility
of Dock2”~ BMDM was significantly reduced and the
difference reached the maximum at a concentration of
75 ng/ml (Fig. 4c). Under stimulation of 25, 50 and 100
ng/ml SDF-1B, the average cell migration of Dock2™/~
BMDM was significantly reduced, and the difference
reached the maximum at concentration of 100 ng/ml (Fig.
4d). These results suggest that Dock2 regulates macrophage
migration by affecting responsiveness to CCL4, CCL5 and
SDF-1p stimulation.

Effect of Dock2 on the phagocytic and bactericidal
function of macrophages

Macrophages are the major type of phagocytes in the
first-line host defense against bacterial infection. The anti-
infection ability of macrophages is related not only to
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Fig. 1. Dedicator of cytokinesis 2 (Dock2) regulates the expression of chemokines in macrophages after Citrobacter rodentium infection. (a—e)

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of the gene expression of chemokine (C-C motif) ligand (CCL)4,
CCL5, stromal cell-derived factor (SDF-1pB), monocyte chemoattractant protein (MCP)-1 and CCL22 in wild-type (WT) and Dock2~~ bone
marrow-derived macrophages (BMDM) that were either uninfected or infected with C. rodentium for 2, 4 and 8 h. (f-j) Enzyme-linked
immunosorbent assay (ELISA) analysis of the protein levels of CCL4, CCL5, SDF-1B, MCP-1 and CCL22 in the supernatants from WT and Dock2~/~
BMDM that were either uninfected or infected with C. rodentium for 8 h. Data were representative of two independent experiments [mean + standard

error of the mean (s.e.m.)]. Data were analyzed by two-way analysis of variance (ANova) and two-tailed ¢-test at each time-point. **P < 0-01;

P < 0-001; ¥**P < 0-0001; n.s. = not statistically significant.

whether they migrate to the infection sites, but also to
macrophage ability to engulf and kill bacteria. S. typh-
murium is a good model for studying the intestinal

epithelial barrier against bacterial pathogens [40]. Similar
to C. rodentium infection,S. typhmurium infection can also
induce colitis that mimics human ulcerative colitis [41,42],
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Fig. 2. Dedicator of cytokinesis 2 (Dock2) regulates the expression of chemokine receptors in macrophages after Citrobacter rodentium infection.
(a-d) Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of the gene expression chemokine (C-C motif) receptor
(CCR)1, CCR2, CCR4 and CCR5 in wild-type (WT) and Dock2~~ bone marrow-derived macrophages (BMDM) that were either uninfected or
infected with C. rodentium for 2,4 and 8 h. (e-f) Flow cytometry analysis of the percentages of CCR1-, CCR2-, CCR4- and CCR5-positive cells in
WT and Dock2~~ BMDM that were either uninfected or infected with C. rodentium for 8 h. Data were representative of two independent experiments

[mean + standard error of the mean (s.e.m.)]. Data were analyzed by two-way analysis of variance (ANova) and two-tailed t-test at each time-point.

*P < 0-05; **P < 0-01; ****P < 0-0001; n.s. = not statistically significant.

therefore we used it as a control to show phagocytic
defects. To further study the impact of Dock2 on the
phagocytic and bactericidal function of macrophages, we
co-cultured the WT and Dock2”~ BMDM with C. roden-
tium or S. typhmurium for 2 or 20 h to test the phagocytic
and the bactericidal ability, respectively. The results showed

366

that, at 2 h after incubation, the ability of Dock2”~ BMDM
to phagocytose C. rodentium and S. typhmurium was sig-
nificantly lower than that of WT BMDM (Fig. 5a), and
at 20 h after infection the bactericidal ability of Dock2~~
BMDM was significantly lower than that of WT BMDM
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Fig. 3. Dedicator of cytokinesis 2 (Dock2) regulates the expression of colonic chemokines and their receptors after Citrobacter rodentium infection in
mice. The colonic levels of chemokine (C-C motif) ligand (CCL)4, CCL5, stromal cell-derived factor (SDF-1f), (a-c) mRNAs, (d-f) proteins and

chemokine (C-C motif) receptor (CCL)4, CCR5 (g,h) mRNAs in uninfected WT and Dock2~/~ mice which were either uninfected or infected with C.
rodentium. Data wererepresentative of two independent experiments [mean + standard error of the mean (s.e.m.)]. Data were analyzed by two-tailed

t-test at each time-point. *P < 0-05; **P < 0-01; n.s. = not statistically significant.

(Fig. 5b), indicating that Dock2 could regulate the phago-
cytic and bactericidal function of macrophages.

WT macrophages protect Dock2~'~ mice against
C. rodentium-induced colitis

Dock2 can regulate the migration and phagocytosis and
bactericidal ability of macrophages. To further test whether
macrophage function regulated by Dock2 could affect host
defense against C. rodentium infection, we transferred WT
or Dock27~ macrophages into Dock2”~ mice after infec-
tion. First, we injected macrophage scavenging agent to
deplete  original macrophages in Dock2”~ mice.
Immunohistochemistry analysis showed that the numbers
of F4/80-positive cells in the colon, spleen and liver were

© 2021 British Society for Immunology, Clinical and Experimental Inmunology, 204: 361-372

significantly reduced after the injection of macrophage
scavenging agent (Supporting information, Fig. S3). Then,
we infected macrophage-depleted Dock2~/~ mice with C.
rodentium and injected WT or Dock2”~ BMDM via the
tail vein on days 0, 4 and 7 after infection (Fig. 6a). Mice
were euthanized on day 10 of infection, and colon length
and C. rodentium load were analyzed. Dock2~/~ mice receiv-
ing WT BMDM had significantly reduced C. rodentium
load and less severe colon shortening in comparison with
Dock2~~ mice receiving Dock2”~ BMDM (Fig. 6b,c), sug-
gesting that the Dock2~~ mice receiving WT macrophages
had considerably enhanced resistance against C. rodentium
infection. Consistently, histological analysis of colon tissues
showed that Dock2™/~ mice receiving WT BMDM had
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Fig. 4. Dedicator of cytokinesis 2 (Dock2) affects the responsiveness of macrophages to chemokines. Wild-type (WT) and Dock2~~ bone marrow-
derived macrophages (BMDM) (2 x 10°) were activated with monocyte chemoattractant protein (MCP)-1 (a), chemokine (C-C motif) ligand (CCL)4,
(b), CCL5 (c) and stromal cell-derived factor (SDF-1B) (d). The migration abilities of WT and Dock2~~ BMDM in response to MCP-1, CCL4, CCL5
and SDF-1f were countered in Transwell chemotaxis assays. The migrated cells were counted under microscope, and data were expressed as the

numbers of migrated cells. Data were representative of two independent experiments [mean + standard error of the mean (s.e.m.)]. Data were

analyzed by two-way analysis of variance (ANova) at each dose-point. **P < 0-01; ****P < 0-0001; n.s. = not statistically significant.

significantly reduced tissue damage (Fig. 6d). Furthermore,
the protein levels of CCL4 and CCL5 in colon tissues of
Dock2™~ mice receiving WT BMDM were higher than
controls (Fig. 6e). These results suggest that Dock2 plays
a crucial protective role in the early stage of C. rodentium
infection by regulating the functions of macrophages.

Discussion

We have previously demonstrated that Dock2~~ mice were
susceptible to C. rodentium infection and that their mac-
rophage migration from the colonic submucosa to the
lamina propria was defective during C. rodentium infection
[24]. Although Dock2 can regulate the migration and
function of various types of immune cells by activating
Rac, the role of Dock2 in macrophage migration and
bactericidal function is not well characterized.

Our study shows that Dock2 plays an important role
in chemokine-induced macrophage migration. The mRNA
and protein expression of CCL4 and CCL5, and their

corresponding receptors CCR4 and CCR5 were significantly
decreased in Dock2™/~ macrophages in comparison with
WT macrophages upon C. rodentium infection. Also, the
protein expression of SDF-1f were significantly decreased
in Dock2™/~ macrophages in comparison with WT mac-
rophages upon S. typhmurium infection. Using Transwell
experiment analysis, we found that Dock2”~ macrophages
had defects in their responsiveness to the same concentra-
tion of chemokines as WT macrophages. In addition,
Dock2 deficiency can also severely impair the phagocytic
and bactericidal ability of macrophages. Macrophages play
a variety of functions through phagocytosis, such as clear-
ing invading pathogens, eliminating inflammation and
maintaining tissue homeostasis. Therefore, Dock2 can
enhance the host defense against infection by the phago-
cytic and bactericidal ability.

We have shown that Dock2 regulates macrophages’
phagocytosis, but it is not clear whether the chemokine
secretion defects in Dock2~/~ macrophages are due to the
reduced antigen load in the «cells. We stimulated
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Fig. 5. Effect of dedicator of cytokinesis 2 (Dock2) on the phagocytic and bactericidal function of macrophages. Bone marrow-derived macrophages
(BMDM) (10°) were infected with 10 multiplicity of infection (MOI) Citrobacter rodentium or Salmonella typhmurium. Wild-type (WT) and
Dock2”~ BMDM were lysed at 2 and 20 h after infection, and the numbers of intracellular C. rodentium and S. typhmurium were determined using

the colony-forming unit (CFU) method (a,b). Data were representative of two independent experiments [mean + standard error of the mean (s.e.m.)].

Data were analyzed by two-tailed t-test at each time-point. **P < 0-01.

macrophages with LPS and S. typhmurium and measured
chemokine expression profiles.

The results showed that LPS and S. typhmurium stimu-
lation did not induce the defect in the protein expression
of chemokines CCL4 and CCL5 in Dock2™~ macrophages
compared with WT macrophages. Therefore, it seems that
chemokine secretion defect of Dock2~ BMDM may not
be due to LPS stimulation.

As shown in Fig. 5, Dock2”~ BMDM exhibited defec-
tive phagocytosis and thus had less antigen load in both
C. rodentium and Salmonella infection. However, only C.
rodentium, but not S. typhmurium infection, induce the
defect in the protein expression of chemokine CCL4 and
CCL5. Therefore, it seems that chemokines secretion defect
of Dock2”~ BMDM may not be due to reduced antigen
load in cells.

Finally, the in-vivo macrophage depletion and adoptive
transfer experiments demonstrated that Dock2 was directly
involved in host defense against infection in vivo. These
results suggest that Dock2 could regulate migration and
bactericidal ability of macrophages, conferring host resist-
ance to enteric bacterial infection, indicating that Dock2
may be a new strategic target for the treatment of IBD.

Studies have found that Dock2 affected lymphocyte
migration in response to chemokines CCL21 (B cells),
CXCLI12 (T cells and B cells) and CXCL13 (T cells) in a
dose-dependent manner [23]. In the absence of Dock2,
chemokine-induced F-actin polymerization failed to induce
normal chemokine-induced gradient migration in vitro [23].
Short-term homing of T and B cells lacking Dock2 was
severely impaired, despite similar surface expression levels
of chemokine receptors [43,44]. Also, under the induction

© 2021 British Society for Immunology, Clinical and Experimental Inmunology, 204: 361-372

of chemokine CXCL18, neutrophils activated Rac2 through
PI3K and SRC-Elmo-Dock2 pathways to co-regulate neu-
trophil chemotaxis [45]. In short, Dock2, as a downstream
molecule of chemokine receptors, plays a vital role in
inducing the migration of immune cells. Therefore, we
explored which chemokine signalings regulated by Dock2
affect the migration and functions of macrophages.

Although our study showed that chemokine stimuli such
as CCL4 and CCL5 in macrophages could induce the
activation of Dock2 in vitro and in vivo, the specific
signaling pathways are not well understood. A previous
study found that the interaction of CCL4 and CCL5 with
their receptors CCR1 and CCR5 led to GTPase activation
of the Rho family and Rac activation, which was critical
for CCR1- and CCR5-triggered signaling cascade and
further mediated chemokine-induced actin cytoskeleton
remodeling [26]. This process was also essential for effec-
tive recruitment and activation of macrophages in inflam-
matory sites. Another study found that Racl and
p21-activated kinase 2 (PAK2) were activated in a Gi- and
PI3Ky-dependent manner through the binding of
chemokine CCLS5 to its receptors CCR1 and CCR5, ulti-
mately controlling the chemotactic response of macrophages
[25]. The evidence in this study showed the mechanisms
how Dock2 regulated the migratory activity of
macrophages.

Dock2”~ BMDM was defective in the expression of
chemokine receptors such as CCR4 and CCR5 after C.
rodentium infection. It would be interesting to know how
the down-regulation of these chemokine receptors con-
tributes to the migration defect of Dock2”~ BMDM upon
stimulation of CCL4 and CCL5. However, as these
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Fig. 6. Wild-type (WT) macrophages protect Dock2~'~ mice against Citrobacter rodentium-induced colitis. (a) Scheme of the macrophage adoptive
transfer experiments. (b) C. rodentium colony-forming unit (CFU) in fecal samples. (c) Colon lengths on day 10 after infection. (d) Hematoxylin and
eosin (H&E) staining of colon tissues; scale bar = 50 pm. (e) The colonic protein levels of chemokine (C-C motif) ligand (CCL)4 and CCL5; (b,c,e)
n =5 for WT and Dock2~/~ mice. Data are representative of two independent experiments [mean + standard error of the mean (s.e.m.)]. Data were

analyzed by two-tailed ¢-test. *P < 0-05.
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chemokine receptors are membrane-bound molecules, it
is difficult to manipulate the expression of these receptors
using agonist or other small molecules.

The signaling pathways and functions induced by the
binding of CCL5 to CCR4 and CCL4/5 to CCR5 could
be different, which deserves further investigation. In addi-
tion, it is not clear whether CCL4 can partially compensate
for CCL5 and whether CCR4 can compensate for CCR5.
Furthermore, it is also needed to determine which pathway
Dock2 could regulate the migration of colonic macrophages
in mice during the early stage of C. rodentium infection.
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Additional supporting information may be found in the on-
line version of this article at the publisher’s web site:

Fig. S1. Dock2 regulates the protein expression of chemo-
kines in macrophages after LPS or S. typhmurine infection.
ELISA analysis of the protein levels of CCL4, CCL5 and
SDF-1p (a-c) in the supernatants from WT and Dock2~/~
BMDM that were either not stimulated or stimulated with
1 ug/ml LPS, 20 MOI S. typhmurine, or C. rodentium for 2,
4, or 8 hours. Data were representative of two independent
experiments (Mean + SEM). Data were analyzed by two-way
ANOVA. *P < 0-05; **P < 0-001; ***P < 0-0001; NS, not
statistically significant.

Fig. S2. The colonic chemokine expression profile of WT
and Dock2~/~ mice after C. rodentium infection. The co-
lonic expression levels of MCP-1, CCL22 proteins (a-b)
and CCR4, CCR5(c-d) mRNAs in WT and Dock2~~ mice
which were either uninfected or infected with C. rodentium.
Data were representative of two independent experiments
(Mean + SEM). Data were analyzed by Two-tailed t-test. NS,
not statistically significant.

Fig. 3. The effect of macrophage depletion by macrophage
scavenging agents (MSA). The mice were treated with PBS
or MSA via intravenous injections, macrophages in colon,
liver and spleen were stained with anti-mouse F4/80 anti-
body using immunohistochemistry methods. N = 5, scale
bar, 50 pm.

Table S1. Primer sequences of chemokine and chemokine
receptors.
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