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A Critical Role for Syk Protein Tyrosine Kinase in Fc
Receptor-Mediated Antigen Presentation and Induction of
Dendritic Cell Maturation

Christine Sedlik,* Daniel Orbach,* Philippe Veron,* Edina Schweighoffer,” Francesco Coluccit
Romina Gamberale® Andrea loan-Facsinay Sjef Verbeek] Paola Ricciardi-Castagnoli!
Christian Bonnerot,* Victor L. J. Tybulewicz, T James Di Santc® and Sebastian Amigorena*

Dendritic cells (DCs) are the only APCs capable of initiating adaptive immune responses. The initiation of immune responses
requires that DCs 1) internalize and present Ags; and 2) undergo a differentiation process, called “maturation”, which transforms
DCs into efficient APCs. DC maturation may be initiated by the engagement of different surface receptors, including certain
cytokine receptors (such as TNFR), Toll-like receptors, CD40, and FcRs. The early activation events that link receptor engagement
and DC maturation are not well characterized. We found that FCR engagement by immune complexes induced the phosphory-
lation of Syk, a protein tyrosine kinase acting immediately downstream of FcRs. Syk was dispensable for DC differentiation in
vitro and in vivo, but was strictly required for immune complexes internalization and subsequent Ag presentation to T lympho-
cytes. Importantly, Syk was also required for the induction of DC maturation and IL-12 production after FCR engagement, but
not after engagement of other surface receptors, such as TNFR or Toll-like receptors. Therefore, protein tyrosine phosphorylation
by Syk represents a novel pathway for the induction of DC maturation. The Journal of Immunology, 2003, 170: 846—852.

immune responses (1, 2). Immature DCs take up Agsin
peripheral tissues, degrade them into peptides, and load

these peptides on MHC class | and Il molecules. DCs then migrate
to the lymph nodes to interact with CD4* and CD8" T lympho-
cytes. To complete this process, DCs need to undergo a develop-
mental program, called maturation, that controls their capacity to
generate the MHC-peptide complexes, their migration toward
lymph nodes, and their ability to stimulate T lymphocytes (1, 3).
Immature DCs capture Ags by fluid-phase uptake (macropino-
cytosis) or receptor-mediated internalization (endocytosis and
phagocytosis) (3). DCs express different receptors involved in Ag
internalization, such as lectin type receptors (mannose receptor,
DEC205), viral receptors (CD46), integrins and other receptors for
apoptotic bodies (asBs, asBs, CD36), complement receptors for
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opsonins, FcRs (FcyR, FcaR, and FceR, which binds, respectively,
19G, IgA, and IgE). These receptors mediate efficient Ag upteke and
strongly enhance the efficiency of Ag presentationto T cells.

After Ag uptake, DCs present processed antigenic peptides to
both MHC class I1-restricted CD4™" T cells and to class I-restricted
CD8™ T cells. Although peptides presented on MHC class | mol-
ecules are generally derived from cytosolic Ags, DC also “cross-
present” peptides from exogenous Ags to MHC class-| restricted
CD8* T cells (3). Cross-presentation is particularly efficient when
Ag isexpressed in bacteria, linked to synthetic beads, expressed in
apoptotic bodies, or bound to Abs (immune complexes; I1Cs) (1, 2).

However, Ag internalization is not sufficient to initiate immune
responses. An additional signal is also required which turns on
innate immunity and triggers DC maturation (4). The outcome of
the DC-T cell interactions depends on the maturation of the DC.
Whereas fully mature DCs prime immune responses, immature
DCs may induce tolerance (5). Therefore, DC maturation critically
influences the outcome of immune responses.

The maturation process has been analyzed in some detailsin the
last decade (1, 3). Induction of maturation results in a marked
decrease in internalization efficacy. Mature DC also strongly up-
regulate surface expression of MHC and costimulatory molecules
(including CD80, CD86, and CD40). Maturation induces cytokine
production and modifies surface expression of adhesion molecules
and chemokine receptors. Thus, during maturation, DCs become
incompetent for Ag internalization and processing, and competent
for T cell stimulation while they migrate out of the tissues and
reach the lymph nodes.

DC maturation can be induced by both direct (pathogen com-
pounds) and indirect signals which are part of immune responses
against the pathogen (6). Direct signals include bacterial proteins
(such as superantigens and toxins), bacterial endotoxins (such as
LPS), bacterial DNA (through CpG-containing motifs), and vira
dsRNA. Indirect signals include proinflammatory cytokines (such
as TNF-q, IL-1a/IL-1B), intracellular compounds secreted during
necrosis, ICs, and signals from CD4* T cells. The DC receptors
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involved in the induction of maturation were identified in some
cases. Toll-like receptors (TLRs) are involved in the response to
most pathogen compounds (7). Cytokines act through their corre-
sponding receptors and T cells induce maturation through CD40-
dependent (8) and -independent pathways (9, 10). ICs induce DC
maturation through FcRs expressed by DCs (see below) (11).

Although very little is known about the early activation signals
that initiate DC maturation, some of the later activation events
have been analyzed. Exposure of DC to LPS induces activation of
mitogen-activated protein kinase (MAPK) (extracellular signal-
regulated kinase (Erk)1/2, p38), phosphoinositide 3 kinase, and
NF-kB transcription factor (12, 13), but LPS-induced DC matu-
ration is not dependent on the Erk1/2 pathway (12). Moreover, in
human DC, CD40 ligation leads to recruitment of TNFR-associ-
ated factor 3 and TNFR-associated factor 2, protein tyrosine phos-
phorylation, as well as MAPK (Erk1/2, p38, and c-Jun N-terminal
kinase 1/2) and NF-«B activation (14, 15). The pathways linking
receptor engagement to these late activation events in DCs have
been analyzed in the case of TLR. The roles of MyD88/IL-1R-
associated kinase and TIR domain-containing adaptor protein/pro-
tein kinase RNA-regulated in the induction of DC maturation by
TLR9 and TLR4, respectively, have been reported (7).

In this study, we analyze the early signaling events involved in
FcyR-mediated Ag presentation and induction of DC maturation.
We have previously demonstrated that induction of DC maturation
through FcyRs requires the FcR-associated y-chain (11). The
y-chain bears an immunoreceptor tyrosine-based activation motif
(ITAM), which determines internalization and activation through
type | (CD64) and type |1l (CD16) FcyRs. Upon receptor engage-
ment, this motif is phosphorylated by src family protein tyrosine
kinases (PTKs). Another family of PTKs, Zap70/Syk, are then
recruited to and activated by the phosphorylated ITAMs (16).
Zgp70 is expressed in T cells, while Syk is expressed in B lympho-
cytes, macrophages, and asubset of T cells. Both Zap70 and Syk play
acrucid rolein lymphocyte signa transduction: T cellsfail to develop
in Zap~'~-deficient mice, while Syk is required for B cell develop-
ment (17). Syk is aso required for efficient activation and internal-
ization through BcRs and FcyRs in B cdlls (18, 19). In macrophages,
Syk plays a critical role in FcyR-mediated phagocytosis (20, 21).

Using irradiated recombination-activating gene (RAG)2™/~
common cytokine receptor y-chain™/~ double mutant mice recon-
stituted with Syk™'~ fetal liver cells, we successfully generated
Syk-deficient immature bone marrow-derived DCs (BM-DCs). We
showed that Zap70 is not expressed in DCs from normal or Syk-
deficient mice. Thus, we demonstrated that Syk is required for the
uptake of ICs and for their Ag presentation in DCs. Furthermore,
Syk isindispensable for the induction of maturation by ICs, but not
by LPS, CpG DNA, or TNF-«. Our dataindicate that Syk controls
both up-regulation of surface molecules and cytokine synthesis.
These results demonstrate that protein phosphorylation may initiate
the process of DC maturation after FCR engagement, thus defining a
novel signaling pathway for the induction of DC maturation.

Materials and Methods
Mice and generation of mouse chimeras

C57BL/6 were purchased from Iffa Credo (L’ Arbresle, France). FcyR type
I/~ and y-chain™'~ mice were on a B6 X 129 background (11). Gener-
ation of the chimeras was previously described (22), briefly mice heterozy-
gous for the Syk'™*TY? mutation (into the kinase domain) back-crossed onto
a B10.D2 background (H-29 haplotype) were intercrossed to generate
Syk™~ and control (Syk™* or Syk*'™) embryos (23). Mice doubly defi-
cient in RAG2 and common +y-chain (H-2°) were irradiated (300 rad) and
were injected i.v. with 5 X 10° Syk-deficient or control fetal liver cells to
generate either Syk™'~ or wild-type (wt) chimeras.
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Epidermal sheets and splenic DCs

Epidermis from ear skin was separated from dermis by incubation with
ammonium thiocyanate. Resulting sheets were fixed in acetone for 20 min
at room temperature, rinsed in PBS, and then labeled with the procedure
mentioned below. Spleen cells suspensions were prepared initially by col-
lagenase D/DNase | (Boehringer Mannheim, Indianapolis, IN) digestion
and then stained for flow cytometry analysis.

Generation of BM-DC and cell line

After lysing RBCs, bone marrow cells were cultured during 14-21 daysin
IMDM (Sigma-Aldrich, St. Louis, MO) containing 10% heat-inactivated
FCS (Biowest, Nuailles, France), 100 1U/ml penicillin, 100 mg/ml strep-
tomycin (Life Technologies, Cergy Pontoise, France), 2 mM L-glutamine,
and 50 mM 2-ME with 30% conditioned medium from GM-CSF-produc-
ing J558 cells (kindly given by D. Gray, University of Edinburgh, Edin-
burgh, U.K.). Cells were used when >90% CD11c" and <10% granulo-
cytes GR1" were obtained. Immature phenotype of BM-DCs in culture
was frequently checked by FACS analysis and their ability to mature was
confirmed by addition of LPS (from Salmonella typhimurium; Sigma-Ald-
rich) during 24 or 48 h. D1 long-term cultured cell line was aso cultured
in the same conditions (24).

Activation of DC via FcyR for IL-12 quantification

Bacterial petri dishes were coated 2 h at 37°C with 30 png/ml anti-HRP
rabbit polyclonal Ab (ICN Pharmaceuticals, Costa Mesa, CA) pretreated
with Kuttsuclean (Maruha, Ibaraki, Japan) to eliminate endotoxins even-
tually present in the commercial Ab solution. A total of 0.5.10%2 ml BM-
DCswere added to the coated plates or cultured in the presence of the same
anti-HRP Ab under soluble form as a negative control. Various other stim-
uli were used to treat the BM-DC for 48 h: 20 wg/ml LPS, 30 ng/ml TNF-«
(R&D Systems, Minneapolis, MN), 1 wg/ml oligodeoxynucleotides (ODN)
(either containing CpG motifs 1826 or non-CpG DNA 1982) kindly given
by Dr. R. Lo-Man (Pasteur Ingtitute, Peris, France). From these samples, IL-
12p40 contents were measured in the supernatants using ELISA (OptEIA kit;
BD PharMingen, San Diego, CA) according to the manufacturer’ sinstructions.
From the same samples, cells were recovered and labeled for FACS andysis.

Flow cytometry analysis

Cells were resuspended in PBS containing 3% FCS and 0.05% azide.
mAbs directly conjugated to fluorochrome (BD PharMingen) were used to
stain the cells: anti-CD1lc (HL3), anti-MHC class I H2® (I-AP
AF6-120.1), anti-MHC class I H2? (I-AY AMS-32.1), anti-B7-2 (GL1),
anti-CDA40 (3/23), and anti-FcyRII/I1 (2.4G2). Anti-FcyRI was kindly pro-
vided by P. M. Hogarth (Austin Research Institute, Victoria, Australia) and
revealed with the appropriate secondary Ab. For triple labeling on spleen
cells, anti-B7-1 (16-10A 1) and anti-CD40 were used biotinylated followed
by streptavidin-FITC (Immunotech, Luminy, France). The analysis was
performed on gated CD11c*"9"AY* cells. Appropriate isotypic controls
were always used as the background staining. FACS analysis was per-
formed with a FACSCalibur and the CellQuest software (BD Biosciences,
Mountain View, CA).

Immunochemistry on Langerhans cells and BM-DC

Fixed epidermal sheets were incubated with biotinylated anti-IA® (MKD6)
and anti-lAP-FITC (AF6-120.1) Abs diluted in PBS-0.5% BSA. After sev-
eral washesin PBS-0.5% BSA, streptavidin-Cy3 (kindly given by F. Geiss-
mann, Hopital Necker, Paris, France) was added. After washes in PBS-
0.5% BSA, immunolabeled specimens were mounted in Fluoromount
(Southern Biotechnology Associates, Birmingham, AL).

BM-DCs were alowed to adhere to glass slides coated with poly-L-
lysine (Sigma-Aldrich) and then incubated during at least 1 h at 37°C in the
presence of preformed rhodamine-labeled HRP/anti-HRP ICs (15 pg/ml
Rho-HRP (Sigma-Aldrich) with 120 pg/ml rabbit polyclonal 1gG anti-HRP
incubated 30 min at 37°C). Cells were then washed in PBS, fixed with 4%
paraformaldehyde, and labeled with wheat germ agglutinin directly con-
jugated to AlexaFluor488 (Molecular Probes, Eugene, OR) for 30 min
without permeabilization of the cells. After washing, cells were mounted
and analyzed by confocal microscopy using a Leica TCS SP2 microscope
equipped with a X100 1.4 NA HCX PL APO oil immersion objective
(Leica, Deerfield, IL).

Immunaoblot and cell stimulation for transducing molecules analysis
To detect Syk or Zap70 expression, cells were lysed in RIPA buffer (Tris
20 mM, NaCl 140 mM, Nonidet P-40 0.5%, EDTA 2 mM, NaF 50 mM,

SDS 0.1%, deoxychoalic acid 0.5%) containing antiproteases and antiphos-
phatases (PMSF 1 mM, aprotinine 1%, pepstatine 1 pg/ml, antipain 1
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wa/ml, leupeptine 1 pwg/ml, Na;Vo, 1 mM) on ice during 20 min. Cell
lysates were then separated on a standard 10% SDS-PAGE, transferred to
polyvinylidene difluoride membranes (Millipore, Bedford, MA), and blot-
ted with the appropriate Ab. For cell stimulation, D1 cells or BM-DC were
incubated either alone in complete medium or in the presence of preformed
HRP/anti-HRP | Cs (preparation depicted above) or with pervanadate (0.1
mM orthovanadate + 0.3 mM H,0,), at 37°C during the indicated short
times. Each sample was then rapidly washed with cold PBS and lysed in
cold RIPA buffer. The same amount of protein from each sample were
separated on a SDS-PAGE and blotted. The specific Abs used were anti-
Syk (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Zap70 (Transduc-
tion Laboratories, Lexington, KY), anti-Erk (Santa Cruz Biotechnology),
or anti-phosphoErk1/2 (NEB, Beverly, MA) mAbs followed respectively
by anti-rabbit or anti-mouse HRP-labeled secondary Abs (The Jackson
Laboratory, Bar Harbor, ME). The same samples were used to perform
immunoprecipitation. Lysates were precleared with nonimmune murine
Igs, then incubated with 4G10 antiphosphotyrosine Ab overnight at 4°C
followed by blotting with anti-Syk Ab.

Ag presentation assay

A tota of 5.10* BM-DC were incubated with various concentrations of
soluble OVA (Worthington Biochemical, Lakewood, NJ) or OVA com-
plexed to specific Abs (OVA-ICs) (50 ng/ml anti-OVA 1gG purified from
rabbit sera (Sigma-Aldrich) mixed with various concentrations of OVA
protein as mentioned on the figure) and 5 X 10% class |1-restricted CD4"
T cell hybridoma. We used BO97.10 (1-A restricted) (kindly given by J. C.
Guery, Institut National de la Santé et de la Recherche Medicale Unité 563,
Toulouse, France) and DO11.10 (IA® restricted) which are both specific for
the class Il immunodominant 323-339 OVA peptide. After 24 h, 50 ul of
supernatants were harvested and the IL-2 production by T cells was measured
with [*H]thymidine incorporation by the |L-2-dependent CTLL2 cell line.

Results

Very little is known about the early signaling events implicated in
DCs differentiation and maturation. Our previous results showed
that FcyR engagement induces DC maturation and the FcR-asso-
ciated y-chain is indispensable for this effect (11). The y-chain
bears an ITAM, amotif that recruits and activates tyrosine kinases
after tyrosine phosphorylation. Therefore, our results suggested
that activation of tyrosine kinases may represent a pathway for the
initiation of DC maturation. To test this possibility, we focused our
attention on Syk, a PTK recruited on phosphorylated ITAMs after
FcR engagement in other cell types (16).

Mice deficient for Syk diein utero, or prenatally from excessive
hemorrhage. To overcome this problem, we used irradiated alym-
phoid mice (H-2° haplotype), containing RAG2 and common
y-chain double mutations reconstituted using normal (wt) or Syk-
deficient (Syk™/7) fetd liver cells (H-2% haplotype). As previously
reported in detail (22, 25), the resulting Syk '~ chimeras exhibit no
mature B lymphocytes, but generate T lymphocytes, NK cells, and
macrophages.

Syk is not required for DC devel opment

We first analyzed the role of Syk in the differentiation of DCs
in vivo. Immunofluorescence staining on epidermal sheets from
the ears of chimeric mice showed that H-2°" Langerhans cells
were detected in wt or Syk '~ mice (Fig. 1A). Obviously, Lang-
erhans cells from the recipient host were present also in wt or
Syk~/~ ears as detected by anti-1-AP-specific labeling (data not
shown). Surprisingly, we generally did not observe H-2¢" and
H-2°* Langerhans cellsin the same area of the tissue, but rather
at separate locations. We also analyzed DCs in the spleen of the
chimeras by FACS. The percentage of CD11c™ cells was sim-
ilar in wt or Syk ™/~ splenocytes, 3.8 and 3.65%, respectively.
Among these CD11c* cells, equivalent proportion of [-A%4*
cells were represented indicating the efficient reconstitution of
the irradiated recipient mice (data shown for Syk /'~ spleen
cellsin Fig. 1B and similar for wt cells). The CD11c*Mon A"

ROLE OF Syk IN FcR-MEDIATED DC MATURATION

A. 1A Langerhans cells
Wt

B. Syk~/- splenic cells C. Splenic CD11c"TAY* cells

Wt syk””
92 84

B7-1

CDl1l1c

88 83

CD40 | 4%,

D. Bone marrow-derived dendritic cells
b d

CDl1c H-2 H-2 B7-2 CD40
Wt A li f
. :-=:~. ’

Syk” |
E F FyRT  FeyRIVII

—_— Syk %

Wt
- Zap70
— tubulin syk”
/-
Wt Syk  Tcell

FIGURE 1. Normd in vivo and in vitro differentiation of DCs in Syk-
deficient mice. A, Epidermal sheets from ear fromwt or Syk ™/~ chimeric mice
were stained for anti-MHC class Il 1A molecules and observed by confocal
microscopy. In both cases, Langerhans cells from the H-2° recipient mouse
were detected by anti-IAP Ab (data not shown). B and C, Splenocytes from wit
or Syk™'~ chimeraswere subjected to triple labeling for CD11c, IAY, and B7-1
or CD40 followed by FACS anaysis. Dot plot on Syk~ total spleen cells
was represented in B. B7-1 and CD40 expresson was represented on
CD11c"IM A% gated cells for wt and Syk /'~ spleen cells (dark lines). The
percentage of positive cells was mentioned for each histogram. Isotypic con-
trols were shown as negative controls (thin lines). D and E, Bone marrow cells
from mouse chimera reconstituted with either normal (wt) or Syk-deficient
(Syk /™) fetal liver cellswere cultured as described in Materials and Methods.
D, These BM-DCswere characterized by staining with anti-CD11c, anti-MHC
classll H2° (I-AP), anti-MHC class Il H29 (I-AY), anti-B7-2, or anti-CD40 Abs
followed by FACS analysis (thick lines). Isotypic controls were shown as
negative controls (thin lines). These cells did not express any more granulo-
cytes specific marker (GR1) (data not shown). E, wt and Syk~'~ BM-DC
lysates were run on SDS-PAGE and blotted with anti-Syk, anti-Zap70, or
anti-tubulin. B3Z CD8" T cell hybridoma was used as a positive control for
Zap70 expression. F, The expression of FcyRs was detected on Wt or Syk ™/~
BM-DCs by labeling these cells with anti-FcyRII/II1 or anti-FcyRI Abs. Iso-
typic controls were shown as negative controls (thin lines).

gated DCs from Syk ™'~ or wt chimeras exhibited similar pro-
files of B7-1, B7-2, and CD40 surface expressions (Fig. 1C and
data not shown).
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Bone marrow precursor cells from these chimeras were cultured
in the presence of GM-CSF. The resulting cells expressed an im-
mature DC phenotype, including high levels of CD11c and low
levels of B7-2 and CD40 (Fig. 1D). Syk~’~ DC preparations gen-
erally contained fewer mature cells than wt DC preparations (low-
er than 5% vs 10-20%). Over 90% of the cells also expressed H-2¢
MHC class | and 11, attesting that they have developed from donor
and not from host precursors. Indeed, Syk was not detected by
Western blot in the Syk~/~ DCs, while DCs generated from mice
reconstituted with wt fetal liver (wt DC) expressed Syk abundantly
(Fig. 1E). In addition, DCs did not express the Zap70 protein,
indicating that Syk is the only tyrosine kinase from this family
expressed in normal DCs. Collectively, these results indicate that Syk
is not necessary for normal development of DCs in vivo or in vitro.

Syk is required for FcyR-mediated Ag presentation and
internalization in DCs

To evaluate the role of Syk in DC effector functions, we first an-
alyzed MHC class Il-restricted Ag presentation. We have shown
previously that after FcyR-mediated uptake, DCs present Ag very
efficiently to both CD4", MHC class Il-restricted helper T cells,
and to CD8", MHC class I-restricted CTLs (11, 26). wt BMDC
express the three types of FcyR: FcyRI, FcyRIIB, and FcyRIIl as
detected by FACS (Fig. 1F) and biochemica analysis (11). These
FcyRs were detected at similar levelsinwt and Syk~/~ DC which
indicates that Syk deficiency does not affect the balance between
expression of activating FcyRI/I11 and inhibitory FCRyl1B. Fig. 2A
shows that wt and Syk~/~ H-29 DCs stimul ated very efficiently the
CD4" T cell hybridoma in the presence of soluble OVA. In con-
trast to wt DCs, Syk™’~ DCs were unable to present OVA com-
plexed to specific Abs (OVA-ICs) to CD4™ T cells. As expected,
control DC generated from normal H-2° C57BL/6 mice stimul ated
the CD4™ T hybridoma in the presence of either soluble OVA or
OVA-ICs while DCs generated from mice deficient for FcyR-as-
sociated y-chain (FcRy) were unable to present OVA-ICsto T
cells (Fig. 2B). The corresponding OVA peptides were presented
to the two CD4" T cell hybridomas by normal, Syk~'~, or
FcRy™'~ DCs with similar efficiencies (data not shown). There-
fore, Syk is required for efficient presentation of OVA-ICs, indi-
cating that Syk isinvolved in the process of Ag uptake, processing,
or presentation to T cells via FcyR.

We first analyzed ICs internalization in DCs using confocal mi-
croscopy. DCs were incubated with rhodamine-labeled HRP/anti-
HRP ICs for 1 h at 37°C and after fixation the cells were stained
with fluorescent lectin to visualize the plasma membrane. As pre-
viously described, HRP-1Cs were efficiently internalized in wt DCs
and localized to intracellular vesicular compartments along the en-
docytic route (Fig. 2C and Ref. 27). In contrast, Syk~/~ DCs were
unable to internalize HRP-ICs, even after 6 h of incubation, as
shown by the absence of rhodamine labeling inside the cells (Fig.
2C). In contrast to wt DCs, numerous aggregates of HRP-1Cs were
observed at the surface of the Syk™’~ cells, (the z-axis panel in
Fig. 2C). Therefore, Syk is required for I1C internalization in DCs.
The role of Syk in internalization is restricted to FcR-mediated
uptake, as Syk’~ DC internalized FITC-dextran and phagocy-
tosed apoptotic cells normally (data not shown).

Both FcyRI and FcyRIlI induce DC maturation

We next analyzed the role of Syk in the induction of DCs matu-
ration. We have previously shown that the FcR-associated y-chain
isrequired for the induction of DC maturation by |Cs and that DCs
express all isoforms of FcyRs, including FcyRI, FcyRIl, and
FcyRIlIl. In the experiment shown in Fig. 3, immature DCs were
stimulated by LPS or by Abs coated onto culture plates, an efficient
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FIGURE 2. Syk™’~ DCsare unable to present ICsto T cells and to inter-
naize ICs. A and B, BM-DCs were plated in the presence of various concen-
trations of OV A protein under either soluble form or complexed to Abs (OVA-
ICs). CD4 T cell hybridoma was added for 24 h of incubation and then
supernatants were collected and tested for their IL-2 contents using CTLL-2
cdl line. The same results for IL-2 production were obtained by anti-IL-2
sandwich ELISA (data not shown). A, wt or Syk~/~ DCs were incubated with
I-A%restricted BO97.10 cells; B, norma C57BL/6 or y-chain™/~ DCs were
incubated with 1-AP-restricted DO11.10 cells. One representative experiment
of four performed is shown. C, wt or Syk™/~ BM-DCs were incubated with
rhodamine-HRP/anti-HRP ICs for 1 h at 37°C, then washed in PBS, fixed in
paraformaldehyde, and stained with wheat germ agglutinin-AlexaFluor488
without permeabilization of the cells to detect the surface plasma membrane.
Cedlls were then anadyzed by confocal microscopy and pictures taken in xy
section (horizonta section) and in xz section (vertical section) on one zoomed
cell to visudize clearly inside and outside of the cell.

way of cross-linking FcyRs. The same amount of soluble Ab
added to cultures had no effect on DCs maturation, indicating that
effects observed were not due to contaminating endotoxins (data
not shown) (see Fig. 5A). Both LPS and coated Abs efficiently
induced DC maturation, as detected by the increased expression of
B7.2 (Fig. 3) and CD40 (data not shown). In -y-chain-deficient
DCs, LPS induced maturation but coated Abs did not, showing that
the y-chain is required for FcyR-mediated DC activation. In cells
deficient for FcyRI, both LPS and coated Abs induced maturation.
Similar results were obtained with FcyRIII =/~ DCs (data not
shown), suggesting that the presence of either FcyRI or FcyRIlI|
was sufficient for the induction of DC activation through FcyRs.

Syk is phosphorylated during DC activation through FcyRs

To analyze the early activation events after FcyR engagement,
DCswereincubated either alone or with preformed anti-HRP/HRP
ICs at 37°C for various periods of time. The phosphorylation of
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FIGURE 3. Induction of DCs maturation via cross-linking of FcyR is not
restricted to FcyR type | but requires y-chain. C57BL/6, FcyR type |/, or
y-chain™/~ BM-DCs were cultured either in normal medium or with LPS (20
ng/ml) or in anti-HRP-coated petri dishes (30 wg/ml). After 48 h, cells were
stained for B7-2 (CD86) (dark line) compared with the isotypic control (thin
line) and analyzed by FACS. The same modulations were obtained for CD40
surface expression (data not shown).

Syk and Erk1/2 was then analyzed by Western blot. Syk phos-
phorylation was detected as soon as 2 min after the addition of 1Cs,
with a maximum at 5 min, and dephosphorylation after 1 h of
stimulation (Fig. 4A). Total Syk protein was detected in equivalent
amount in al the samples. Early phosphorylation of Erk1/Erk2
MAPKSs was also detected in D1 cells as well as in wt BM-DCs
(Fig. 4, B and C). In contrast, FcyR-induced phosphorylation of
Erk1/2 was not observed in Syk™/~ DC (Fig. 4C). Therefore, activa
tion of DCs via FcyR led to phosphorylation (and activation) of Syk
tyrosine kinase, which is required for Erk1/2 phosphorylation.

Syk delivers an early signal required for DC maturation and
cytokine synthesis

Erk1/2 are also phosphorylated upon induction of DC maturation
by LPS. Therefore, we investigated the role of Syk on the activa-
tion process of DCs. wt or Syk ™/~ DCswere stimulated with either
LPS or coated Abs and the expression of B7-2 and CD40 was
analyzed by FACS. As shown in Fig. 5A, B7-2 and CD40 surface
expression were strongly increased in wt DCs treated with LPS or
incubated in Ab-coated plates. Syk’~ DCs were still efficiently
activated through LPS, but the cross-linking of FcyR did not in-
duce any changes in the expression of B7-2 and CD40. Similar
results were obtained when the expression of MHC class Il was
monitored (data not shown).

We then analyzed if Syk could be involved in the induction of
DC maturation by other receptor-mediated pathways, implicating
TLRs (TLR4 or TLR9) or TNFRs. DCs were treated with various
concentrations of LPS, CpG ODN, and TNF-« or incubated on
plates coated with various concentrations of Ab. As shown in Fig.
5B, LPS, CpG ODN, and TNF-« induced increased expression of
B7-2 and CD40 at similar levelsin wt and Syk~'~ DCs. As men-
tioned before, we reproducibly found that the percentage of mature
cellsin the DC preparations was slightly lower in the Syk~/~ DCs,
as compared with wt DCs. Moreover, these results indicated that
wt and Syk-deficient DCs exhibited equivalent sensitivity to the
different activators. Therefore, Syk is selectively involved in
FcyR-mediated induction of DC maturation.

IL-12 plays acritical role in the initiation of immune responses
by DCs. IL-12 production in DCs is induced upon maturation by

ROLE OF Syk IN FcR-MEDIATED DC MATURATION

A
none +1C perv.
0 2 20 2 5 20 60 0 5 time (min)
Ip P-tyr Py o
Blot Syk »
Blot Syk | ——— - -
B none +1C perv.
0 2 20 2 5 10 20 60 0 5 time (min)
P-Erk1/2 _——— e — -
— — '
Erk | - - - - - -
C +1C perv.
0 1 2 5 10 20 35 5 time (min)
P-Erk1/2 - . L I
- 8 & wi
Erk T T
P-Erk1/2 " "
Syk
Erk e T Ep—

FIGURE 4. Phosphorylation of Syk during FcyR-induced activation of
DCs. DCswereincubated without (none) or with preformed HRP-1C (+1C) or
with pervanadate (a potent nonspecific inhibitor of tyrosine phosphatases) dur-
ing the indicated times. A, Treated D1 cells were lysed and immunoprecipi-
tated with antiphosphotyrosine Ab followed by anti-Syk immunoblotting. The
same cell lysates were directly blotted with anti-Syk Ab to quantify the total
amount of Syk in each sample. B, The same D1 cell lysates were blotted with
antiphosphorylated Erk1/2 Ab to follow the kinetic of DCs activation and then
with anti-Erk to compare the amount of total Erk in each sample. C, wt or
Syk™'~ BM-DCsincubated in similar conditions were lysed and directly blot-
ted with anti-phosphorylated Erk1/2 Ab or with anti-Erk Ab.

microbia products and CD40 ligand. It was shown previously that
IL-12 production is aso induced by ICsin DCs (28). Both wt and
Syk ™/~ DC secreted similar high levels of 1L-12p40 in response to
LPS treatment (Fig. 5C). wt DCs aso produced IL-12 after FcyR
cross-linking. In contrast, IL-12 production after FcyR activation was
completely abolished in Syk~/~ DCs. The p70 bioactive form of
IL-12 is generated by the association of two subunits, p40 and p35.
However, in our assays, 1L-12p70 detection was low and irreproducible.

We conclude that Syk is required for the induction of DC mat-
uration by ICs.

Discussion

This study aimed at determining the link between early signaling
events activated after receptor engagement and the induction of
DC maturation. We investigated the role of the proximal PTK
Zap70/Syk on DC differentiation and maturation. We first demon-
strated that normal DCs express only Syk, and that neither wt nor
Syk™'~ DCs express Zap70. We also show that Syk/Zap70 is not
necessary for DC differentiation, in contrast to T or B lympho-
cytes, for which normal development requires Zap70 and Syk, re-
spectively. NK cells, macrophages, granulocytes, and eosinophils
also develop normally in the absence of the tyrosine kinases from
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FIGURE 5. Inhibition of DC maturation and IL-12 production in the ab-
sence of Syk. A, wt or Syk~/~ BM-DCs were incubated either aone or with
LPS or in anti-HRP-coated plates or with the soluble anti-HRP for 48 h. Then,
cells were recovered and stained for B7-2 or CD40 surface expression fol-
lowed by FACS andysis. Anti-HRP Ab was used at 30 ug/ml. B, wt or
Syk™'~ BM-DCs were incubated with various doses of activators for 48 h and
B7-2 surface expression was detected by FACS. Data represented the percent-
age of B7-2"9" to compare the percentage of mature DC in the different con-
ditions (dark lines). Isotypic controls were shown as negative controls (thin
lines). C, After treatment of wt or Syk~/~ BM-DCs with LPS or in anti-HRP-
coated plates (decreasing doses of coated Ab, from 30 to 0.3 wg/ml) or with the
soluble anti-HRP (30 and 10 pg/ml), supernatants were tested for their IL-
12p40 content by ELISA, in comparison to IL-12 recombinant standard. One
experiment representetive of three (B and C) or four (A) performed is shown.

this family, athough their FcyR-mediated functions are defective
(17, 22, 25). We show that Syk plays an essentia role in the two
main FcyR functions in differentiated DCs: Ag internalization and
induction of maturation. The role of Syk was also extremely se-
lective for FcyR functions since induction of maturation through
TLRs or TNF-a receptor or internalization of apoptotic cells or
dextran were not affected by the absence of Syk.

Therefore, stimulation of PTK activity may initiste asignaling cas-
cade that results in full DC activation. The signd transduction path-
way triggered by FcyR has been studied in details in other cell types.
sc family PTKs phosphorylate ITAMs on the FcyR-associated
y-chain, leading to the activation of Syk proxima tyrosine kinase,
which isin turn autoactivated (16). Phosphorylated Syk then recruits
and activates different downstream effectors, such as MAPKSs, phos-

851

pholipase A, phospholipase Cry, PKC, sering/threonine kinases, phos-
phoinositide 3-kinase, smal GTPAses (Racl and Cdc42), which con-
sequently induce the transcription of genes involved in DCs function
and maturation. In this study, we show that Syk is phosphorylated
after FcyR cross-linking and triggers Erk1/2 phosphorylation. Indeed,
Erk1/2 was no longer activated in Syk ™'~ DCs, as compared with wt
DCs (Fig. 4C), establishing a direct link between Syk and Erk sig-
naling pathways (as previoudly suggested for CD40 activation of DC)
(15).

The process of DC maturation determines the capacity of DCs to
prime T cellsand to polarize T cell differentiation toward Thl or Th2
responses. For example, the cytokines produced by DCs in response
to LPS or dsRNA lead to Thl polarization, whereas TNF-a stimula
tion of DCs does not produce clear Th1/Th2 polarization (28, 29). Th
polarization by DCsmost likely results from theinduction by different
DC activators of the production of adifferent set of secreted cytokines.
The production of IL-12 by activated DCs has been linked to polar-
ization of the Th responses toward Thl. FcyR engagement induces
I1L-12 production, and has aso been shown to effectively prime CTL
responses in vivo (30), suggesting that DC activation by ICs would
result in Thl polarization. In contrast, macrophages were recently
reported to reverse a Thl-like response toward a Th2-like phenotype
when Ag was targeted on FcyR (31). The signaling pathways acti-
vated during DC maturation leading to the secretion of different cy-
tokines are il unclear. Interestingly, both surface marker up-regu-
lation and IL-12 production were abrogated in the absence of Syk,
showing that activation of tyrosine phosphorylation activates the sig-
naling pathways responsible for both readouts of DC maturation.

Similar to FeyR-mediated DC activation, Syk phosphorylation was
also reported after CD40 ligation in human DC (15). However, we
could not get a clear picture concerning the role of Syk, in CD40
ligand-induced DC maturation; depending on the activating anti-
CD40 Abs used, the requirement for Syk varied (data not shown). In
addition, preliminary results suggested that Syk is not strictly required
for DC maturation after Ag-specific interaction with CD4" T lym-
phocytes (our unpublished observations).

DC-expressed FcyRs promote Ag presentation via interndization
of ICs. We have shown previoudly that Syk is not involved in endo-
cytosisof FcyRsin B lymphocytes, but that isrequired for the transfer
of internalized ligands from endosomes to lysosomes (19). In contrast,
Syk is necessary for efficient I1Cs internalization in DCs and macro-
phages (Fig. 2C) (20, 21). The reasons for this discrepancy are un-
clear. It might result from residua Syk activity in B cells expressing
dominant-negative Syk, in contrast to the complete lack of Syk in the
Syk™~ DCs or macrophages. Cell type differences between phago-
cytic (macrophages and DCs) and nonphagocytic cells (B lympho-
cytes) may dso be involved. Our results suggest that activation of
protein tyrosine phosphorylation is required for efficient FcyR inter-
naization in phagocytic cdls, but not in B lymphocytes.

The nature of the FcyR involved in Ag interndization in DCs is
aso not fully understood. Mouse DCs express al FcyR isoforms (1,
11b1, 11b2, and I11). The most abundant FcyRII isoform is FeyRIIbl,
anonendocytic FcyR (32). Despite this, 1Cs were efficiently internal-
ized. In human DCs, FcyR targeting of Ags resulted in efficient in-
terndization and subsequent Ag presentation to both CD4" and
CD8™ T cdls. Neverthdless, the nature of the FcyRs specificaly in-
volved was not directly addressed.

Like FcyR in mouse DCs, FcaR engagement in human DCs in-
duces efficient maturation (33). By contrast, it was recently shown that
human monocyte-derived DCswere not induced to mature after FcyR
engagement (34, 35). However, our preliminary results suggest that
FcyR engagement in human DCsinduces, at |east to some degree, DC
maturation (our unpublished observations). These discrepancies may
arise from the heterogeneous expresson of activation (FcyRl,
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FcyRIIA, and FcyRIII) and inhibitory FcyRs (FcyRIIB) in different
DC populations. It is most likely that like for other FcyR functions,
simultaneous engagement of activation and inhibitory FcyRs inhibits
activation as shown using FcyRIIB-deficient DCs (36). Nevertheless,
innormal or Syk ™/~ mice-derived DCswhich express both FcyRI/I11
and FcyRIIB, ICs induce efficient maturation (Fig. 3 and Ref. 30).
Thisisadso the case in DCs derived from FcyRI- or FcyRIl-deficient
mice, indicating that the balance toward activation could not be
shifted by the absence of expression of one of the two activation
receptors.

ICs loaded on DCs could induce in vivo CD4* and CD8" CTL
responses and mediate full tumor protection (30, 37) correlated with
induction of DC maturation. Syk-deficient DCs could not signa
through the y-chain-dependent activating FcyRs (type | and 111), but
FcyRIIB signaling (i.e., the recruitment of SHIP phosphatase; Ref.
38) should be normal. A predominant inhibitory effect of FcyRIIB on
tumor immunity and DC maturation has been suggested to induce
tolerogenic DCs (36). However, another study showed that FcyR en-
gagement in DCs FcyRI/II/I11T induces maturation and protective
antitumor immune responses (37). These different studies have used
DCs generated in vitro using dightly different protocols, which may
account for the observed discrepancies.

If indeed the balance in the expression of activation and inhibitory
isoformsis determinant for the outcome of FcyRs engagement in DCs
(which remains to be addressed), this may turn out to be important in
autoimmunity. Indeed, the maturation state of DCs having interna-
ized Ags is critical for the induction of immune responses. mature
DCsinduce T cell priming, whereas immature DC are probably in-
volved in theinduction of T cell tolerance (5). In Situations when high
amounts of autoantigen-containing ICs are generated, the selective
expression of activation or inhibitory FcyR isoformsin DCs may help
maintain periphera tolerance, or on the contrary, may contribute to
the induction of autoimmunity.
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