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Introduction

Phagocytosis is a central event in the innate immune responses that are triggered
by the association between ligands on the surface of pathogen and receptors on the
membrane of phagocytes. Phagocytes then engulf and eliminate the pathogens.
Among the phagocytic receptor types expressed on mammalian neutrophils and
macrophages, Fc v receptors and complement receptor 3 (CR3) have been
characterized in detail. The clustering of these receptors by their ligands bound to
pathogens is followed by the activation of signaling pathways that trigger dynamic
rearrangements of the cytoskeleton, which lead to the formation of phagosomes.
Some signaling molecules such as Rho-GTPases and PLC y regulate actin
polymerization during phagosome formation.

The most important action in complement system is to accelerate the uptake and
destruction of pathogens by phagocytes. This complement-mediated phagocytosis
begins with the specific recognition of bound complement components by
complement receptors. In these combinations, C3bi binding to CR3 is a highly

effective signal because this interaction is sufficient to stimulate phagocytosis. The

) protein-tyrosine kinase, Syk, plays a central role in Fcy receptor-mediated

phagocytosis in the adaptive immune system. On the other hand, the role of Syk in
non-adaptive immune mechanisms is not well understood and the roles of Syk in
innate immunity have received considerable focus. Besides these roles in
immunoreceptor funtion, Syk is also activated upon ligation with cell surface integrin
B 2 in neutrophils or monocytic cell lines. Among complement receptors, CR3 (M
B 2) and CR4 (@ X 2) are the main phagocytic receptors and both of them belong
to the integrin receptor family. Considering the particular role of Syk in integrin
signaling, Syk should play a critical role in innate immunity through
complement-mediated phagocytosis.

The present study examined the role of Syk in complement-mediated phagocytosis
using macrophage-like differentiated HL60 cells and C3bi-opsonized zymosan and
indicated that Syk plays a crucial role in the process from phagosome formation to
engulfment by controlling the accumulation and disassembly of polymerized actin
and Rho-GTPase activation.

Materials and Methods

Cell culture and transfection. The human promyelocytic cell line HL60 was

maintained in RPMI 1640 medium, supplemented with 8% heat-inactivated fetal calf

serum. For stable transfection, each 10pg linealized expression construct were

transfected into 1x107 HL60 cells by electroporation (975uF, 350V). Stably
transfected cell lines were selected by Img/ml hygromycin. For the rescue
experiment, the Flag-rescue-Syk was introduced into Syk-siRNA/HL60 cells by
electroporation and positive clones were selected with 0.2mg/ml zeocin. Cell lines
were screened by the expressing level of Syk protein by the immunoblotting. The
cells were induced to undergo differentiation to macrophages by seeding them on
dishes in the opresence of 10'M Vitamin D3 and 10ng/ml
12-o-tetradecanoylphorbol-13-acetate (TPA), and incubating for 3 days. Then
macrophage-like differentiated HL60 cells were utilized for phagocytosis assay.

Phagocytosis assay. Zymosan A was incubated in 50% human serum at 37°C for
30 minutes, and binding of C3bi to zymosan was confirmed by flow cytometry with
anti-C3bi antibody. C3bi-opsonized or non-opsonized zymosan (PBS) was added to
macrophage-like differentiated HL60 cells (ratio of cell : zymosan particle, 1 : 10)
and incubated for indicated times at 37°C in a 5% CO, humidified atmosphere.
Texas Red zymosan was used similarly as described above and analyzed by flow
cytometry for quantitative analysis of phagocytosis assay.

Quenching assays and actin accumulation around phagosome. To make a
distinction whether zymosan particles exist inside or outside the cells, AlexaFluor
488 zymosan was pretreated as described above and added to the cells, and incubated
for indicated times, then the cells were analyzed by fluorescent microscope before
and after treatment of 0.2% trypan blue in PBS. For analysis of actin accumulation
around phagosome, phagocytosis assay was performed and the cells were fixed and
then incubated with AlexaFluor 594 labeled phalloidin and observed with a confocal
laser-scanning microscope.

Immunoprecipitation and immunoblotting. C3bi-opsonized zymosan was added to
macrophage-like differentiated cells and incubated for indicated times. For the
immunoprecipitation studies, cells were solubilized in 0.05% SDS lysis buffer. Then
the  immunoprecipitated proteins and total cell lysates were separated by
SDS-PAGE and electronically transferred to PVDF membrane and visualized by the
chemiluminescence reagent.

GST pull-down assay for activated RhoA. Rho Binding Domain (RBD) cDNA was
produced By polymerase chain reaction (PCR) from c¢cDNA corresponding to the
residues 7-89 amino acids of mouse rhotekin. The construct was introduced into
E.coli DHS5o and the proteins were purified with GST-Sepharose beads.
C3bi-opsonized zymosan was added to macrophage-like differentiated cells and
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incubated for indicated times. The cells were lysed in pull-down lysis buffer. Then
the lysates were incubated with GST-rhotekin RBD immobilized on
glutathione-Sepharose 4B beads. The proteins on the beads were separated by
SDS-PAGE and GTP-bound RhoA was detected by immunocblotting with anti-RhoA
antibody.

Results

Syk is tyrosine-phosphorylated during complement-mediated phagocytosis in
macrophage-like differentiated HL60 cells. We investigated the role-of Syk in innate
immunity, especially in complement-mediated phagocytosis using macrophage-like
differentiated HL60 cells incubated with Vitamin D3 and TPA for three days. After
three days, the cells became morphologically macrophage-like and the cell surface
expression of complement receptor 3, CR3 gradually increased, while the amount of
Syk remained unchanged. Microscopy showed that C3bi-opsonized, but not
non-opsonized zymosan particles promptly attached to and were ingested by the cells.
In order to determine whether Syk is involved in complement-mediated phagocytosis,
macrophage-like differentiated HL60 cells were incubated with zymosan pretreated
with PBS, human serum, IgG-removed serum, serum in the presence of compstatin (a
C3-convertase inhibitor). Syk was tyrosine-phosphorylated after incubation with
zymosan pretreated with both serum and IgG-removed serum (C3bi-zymosan), but
not with zymosan pretreated with either PBS or with serum in the presence of
compstatin. Furthermore, the phagocytosis was clearly suppressed when the cells
were incubated with zymosan pretreated with PBS or compstatin.

Dominant-negative Syk and Syk-siRNA inhibit . the C3bi-CR3-mediated
phagocytosis. To investigate the role of Syk in complement-mediated phagocytosis,
stable cell lines expressing DN-Syk or Syk-siRNA were generated. Further, to
support the effects of Syk-siRNA, Flag-rescue-Syk was transfected into
Syk-siRNA/HL60 cells and stable cell line was isolated. The expression of CR3 in
the surface of these cell lines was similar to that of parental HL60 cells.
Tyrosine-phosphorylation of Syk induced by C3bi-zymosan was suppressed in
DN-Syk/HL cells. Using C3bi-opsonized zymosan, we compared the effects of
phagocytosis among these cell lines. The phagocytic activity was suppressed in
DN-Syk/HL and Syk-siRNA/HL cells, but transfer of Flag-rescue-Syk restored the
phagocytosis. These results indicate that Syk plays a significant role in the process of
C3bi-CR3-mediated phagocytosis. '

Syk is essential for pathogen engulfment rather than for attachment via

complement receptor. After the phagocytosis assay with C3bi-opsonized fluorescent
zymosan, the cells were analyzed before and after trypan blue staining by fluorescent
microscopy and fluorescent zymosan particles were counted. Most of the
C3bi-zymosan attached to the parental HL60 cells and the Flag-rescue-Syk
expressing cells was rapidly engulfed and that the number of C3bi-zymosan outside
the cells was similar among all of these cell lines. The defective
complement-mediated phagocytosis of DN-Syk/HL cells and Syk-siRNA/HL cells
was not due to decreased C3bi-binding to CR3 but to loss of internalization of the
CR3-bound zymosan.

Syk affects actin dynamics around the C3bi-mediated phagosomes. After
synchronized phagocytosis, actin fibers and Syk accumulated in the region of the
forming phagosome that surrounded the C3bi-zymosan particles at 5 minutes in the
parental HL60 cells and the Flag-rescue-Syk expressing cells. At 30 minutes, actin
began to disassemble, but Syk was sustained around phagosomes. In both
DN-Syk/HL cells and Syk-siRNA/HL cells, the number of phagosomes surrounded
by actin were clearly decreased at 5 minutes, but the accumulation of actin was
sustained even at 30 minutes. At the beginning of the C3bi-CR3-mediated
phagocytosis, PLCy2 was co-precipitated with Syk promptly, but attenuated at 30
minutes. .

Syk activates the RhoA-pathway in C3bi-CR3-signaling. Using GST-rhotekin-RBD
pull-down assays, we investigated whether Syk regulates RhoA-signaling in
complement-mediated phagocytosis. Incubation with C3bi-opsonized zymosan led to
the prompt activation of RhoA in the parental HL60 cells and the Flag-rescue-Syk
expressing cells, but transfer of DN-Syk or Syk-siRNA suppressed RhoA activation.
Furthermore, Vav, one of guanine nucleotide exchange factors (GEFs), was
tyrosine-phosphorylated in the process of phagocytosis in the parental HL60 cells
and the Flag-rescue-Syk expressing cells, but not in DN-Syk or Syk-siRNA
expressing cells. These results indicated that Syk acts as an activator of the
RhoA-pathway and Vav acts as a GEF downsteam of Syk in C3bi-CR3-signaling.

Disscusion

It han been demonstrated that transfer of DN-Syk or Syk-siRNA suppressed the
C3bi-opsonized-zymosan-induced phagocytosis in macrophage-like differentiated
HL60 cells. Among the signaling molecules, transfer of DN-Syk or Syk-siRNA
dramatically down-regulates activation of RhoA and tyrosine phospﬁorylation of Vav

in complement-mediated phagocytosis. Therefore, Syk is a crucial upstream
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regulator of Vav-RhoA signaling that generates contractile force. Quenching assays
revealed that Syk is essential for pathogen engulfment rather than for attachment via
complement. Furthermore, at the early stage of the C3bi-opsonized-zymosan-induced
phagocytosis, Syk accumulated around the phagosomes and actin also accumulated
around the phagosomes, but decreased late while Syk was sustained. It is reported
that PI(4,5)P, contributes to the termination of actin assembly during the late stage of
phagosome-completion. Immunoblotting assays revealed that PLC vy 2 was
co-precipitated with Syk promptly, then attenuated at 30 minutes in this process.
These results suggest that Syk has a function to activate PLC v 2, then regulates actin
accumulation. Taken together, both the PL.C v 2- and RhoA-pathways are under the
control of Syk in complement-mediated phagocytosis.

Therefore , we propose a mechanism of complement-mediated phagocytosis as
follows: the ligation of pathogen-bound C3bi to the receptor CR3 directly aggregates
CR3; this ligation induces (1) actin polymerization at the forming phagosome that
might be controlled by GTPases of the Rho family Racl and Cdc42 (not RhoA); (2)
after the accumulation of actin, disappearance of PI(4,5)P, after hydrolysis by PLC vy
2 has a critical role in the termination of actin assembly and in disassembly from the
phagocytic cup that liberate elements of the cytoskeletal machinery for assembly
elsewhere; (3) contractile force created by the downstream of Vav-RhoA signaling
might enguif the phagosome after the completion of phagosome.

In conclusion, Syk plays an indispensable role in complement-mediated
phagocytosis by regulating both actin dynamics and Vav-RhoA-activation pathway
and that these functions of Syk lead to phagosome formation and pathogen

enguifment.
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