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Transmembrane adaptor proteins are molecules specialized
in recruiting cytoplasmic proteins to the proximity of the cell
membrane as part of the signal transduction process. A member
of this family, SLP65/SLP76, Csk-interacting membrane protein
(SCIMP), recruits a complex of SLP65/SLP76 and Grb2 adaptor
proteins, known to be involved in the activation of PLCy1/2,
Ras, and other pathways. SCIMP expression is restricted to anti-
gen-presenting cells. In a previous cell line-based study, it was
shown that, in B cells, SCIMP contributes to the reverse signal-
ing in the immunological synapse, downstream of MHCII glyco-
proteins. There it mainly facilitates the activation of ERK MAP
kinases. However, its importance for MHCII glycoprotein-de-
pendent ERK signaling in primary B cells has not been analyzed.
Moreover, its role in macrophages and dendritic cells has
remained largely unknown. Here we present the results of our
analysis of SCIMP-deficient mice. In these mice, we did not
observe any defects in B cell signaling and B cell-dependent
responses. On the other hand, we found that, in dendritic cells
and macrophages, SCIMP expression is up-regulated after
exposure to GM-CSF or the Dectin-1 agonist zymosan. More-
over, we found that SCIMP is strongly phosphorylated after
Dectin-1 stimulation and that it participates in signal transduc-
tion downstream of this important pattern recognition recep-
tor. Our analysis of SCIMP-deficient dendritic cells revealed
that SCIMP specifically contributes to sustaining long-term
MAP kinase signaling and cytokine production downstream of
Dectin-1because of an increased expression and sustained phos-
phorylation lasting at least 24 h after signal initiation.

Dectin-1 is a pattern recognition receptor from the C-type
lectin receptor family (1). It is expressed in macrophages, den-
dritic cells, neutrophils, and a subset of T and B cells (2—4).
Through its carbohydrate recognition domain, it specifically
recognizes 3-1,3-glucan (5), which is a typical component of
fungal cell walls (6). Dectin-1 is considered a major receptor for
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B-glucans and plays an important role in the defense against
various species of pathogenic fungi in mice, including Candida
albicans, Aspergillus fumigatus, and Pneumocystis carinii
(7-11). The importance of dectin-1 for antifungal defense has
also been demonstrated by studies of human patients with dis-
rupted dectin-1 function who display increased mucosal colo-
nization with Candida species and suffer from recurrent muco-
cutaneous fungal infections (12, 13).

Dectin-1 signaling is initiated by phosphorylation of the
hemITAM motif in its intracellular tail, leading to the recruit-
ment and activation of the protein tyrosine kinase Syk. This is
followed by sequential activation of PLCy2 and PKCS3. Stimu-
lation of this pathway as well as of additional Syk-independent
pathways results in the activation of the transcription factors
NF-«B, nuclear factor of activated T cells (NFAT), and IRF1/5
and initiation of signaling by the MAP kinases ERK, p38, and
JNK, which then contribute to downstream cellular responses
(14-16). Activation of Dectin-1 leads to phagocytosis of fungi
or any other 3-glucan-containing particles. In addition, it also
triggers the production of reactive oxygen species and proin-
flammatory cytokines (7, 17, 18). Cytokines produced in
response to Dectin-1 stimulation also promote Th1l and Th17
polarization of helper T cells necessary for defeating fungal
infection (14-16). Interestingly, only B-glucan in the form of
particles can elicit the full activity of Dectin-1, whereas soluble
B-glucans, which also bind to the receptor, lack strong activat-
ing properties and can inhibit the responses to particulate
B-glucan (19). The difference is thought to be caused by the
ability of particulate B-glucan to induce the formation of a
phagocytic synapse that excludes CD45 and CD148 phospha-
tases (19).

As any important receptor, Dectin-1 is tightly regulated. This
regulation occurs not only at the level of signaling pathways but
also at the level of expression. Dectin-1 is highly up-regulated
after IL-4, IL-13, and GM-CSF treatment, whereas IL-10, LPS,
and dexamethasone down-regulate its expression (20).

To elicit the full antifungal immune response, Dectin-1
cooperates with several TLRs* (most importantly TLR2) (17).
Its function is also complemented by other C-type lectin recep-
tors, such as Dectin-2, which recognizes mannan structures in

“The abbreviations used are: TLR, Toll-like receptor; gp, glycoprotein; SCIMP,
SLP76/SLP65-interacting membrane adaptor protein; APC, antigen-pre-
senting cell; CFSE, 5-(and 6)-carboxyfluorescein diacetate succinimidyl
ester; NP, 4-hydroxy-3-nitrophenylacetyl; BMDC, bone marrow-derived
dendritic cell; BMMF, bone marrow-derived macrophage; IMDM, Iscove'’s
modified Dulbecco’s medium.
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fungal cell walls (1). In addition, Dectin-1 interacts with tetras-
panin molecules, which form the basis of tetraspanin-enriched
microdomains and were suggested to be involved in Dectin-1
trafficking (21-23). However, the effects of tetraspanins on
Dectin-1 signal transduction are at present unclear.

Tetraspanin-enriched microdomains in some Dectin-1-ex-
pressing cells also interact with MHCII glycoproteins (MHCIIgp)
and a small palmitoylated transmembrane adaptor protein,
SCIMP (23-25). Expression of SCIMP is highly specific for the
tissues of the immune system, where it is confined to the pro-
fessional antigen-presenting cells (dendritic cells, B cells, and
macrophages). In B cells, SCIMP is phosphorylated after
MHCIIgp cross-linking, and it is thought to be involved in the
reverse signaling at the APC side of the immunological synapse.
In the K46 B cell line, it was shown to be mainly responsible for
supporting ERK signaling upon MHClIgp stimulation (24).

The SCIMP molecule has four potential tyrosine phosphor-
ylation sites. When phosphorylated, it binds Grb2, SLP-65, or
SLP-76 and Csk via their Src homology 2 (SH2) domains.
Through a proline-rich sequence, SCIMP is constitutively asso-
ciated with the Src family kinase Lyn. Despite the interaction
with a negative regulator of the Src family kinases Csk, SCIMP
plays an overall positive regulatory function mediated by the
recruitment of the Grb2:SLP-65 complex, whereas Csk binding
seems to be only responsible for negative feedback regulation of
this process (24, 25).

Here we have investigated SCIMP function iz vivo using a
SCIMP-deficient mouse model. Although we did not observe
any effects of SCIMP deficiency on MHCIIgp signaling, we
found that it is involved in the signaling by Dectin-1 in dendritic
cells and macrophages, where it is important for sustaining pro-
longed MAP kinase activity and pro-inflammatory cytokine
production.

Results

Normal Leukocyte Development and Distribution in SCIMP-
deficient Mice—To determine the physiological function of
SCIMP, we obtained the SCIMP-deficient mouse strain
Scimp'm!2KOMPIWisi (hereafter termed Scimp /~) from the
International Knockout Mouse Consortium (for details, see
“Experimental Procedures”). First we verified SCIMP defi-
ciency at the protein level. As expected, there was no detectable
SCIMP protein present in the lysates of Scimp /" splenocytes
and dendritic cells (Fig. 1A4).

Next, we assessed leukocyte development and leukocyte sub-
set representation in lymphoid organs obtained from SCIMP-
deficient mice. Bone marrows, spleens, lymph nodes, and
peripheral blood were isolated from 6- to 8-week-old wild-type
and Scimp /" animals. After preparation of single cell suspen-
sions, a multiparametric flow cytometry analysis was carried
out. This analysis determined the percentages of T cells, B cells,
and their subpopulations as well as the representation of major
myeloid cell subsets. However, Scimp_/ ~ mice did not show
any statistically significant differences from wild-type animals
under steady-state conditions (Fig. 1, B—E).

Normal Function of SCIMP-deficient B Cells—In B cells,
SCIMP was shown to be involved in signal transduction down-
stream of MHClIgp (24). Moreover, we found that GL7+ ger-
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minal center B cells express higher levels of SCIMP than naive B
cells (Fig. 2A). This suggests that SCIMP may participate in
signaling in B cells during the process of obtaining antigen-
specific T cell help in the germinal centers of lymphoid follicles.
This eventually results in B cell differentiation into plasma cells
and secretion of specific antibodies. To test the effect of SCIMP
deficiency on this process, we immunized wild-type and
Scimp ™/~ mice intradermally with ovalbumin. After the immu-
nization, we collected the serum from immunized animals and
measured antigen-specific IgM and IgG by ELISA. Although
there was a significant increase in immunoglobulin production
after immunization, there were no significant differences
between wild-type and Scimp /™ animals in the detected levels
of antigen-specific IgM or IgG (Fig. 2B). Similar results were
also obtained when we used different antigen (a small recom-
binant fragment from ARHGEF4 protein, data not shown).

Another option was that SCIMP may support the function of
B cells as antigen-presenting cells. To test this, we performed a
B cell antigen presentation assay. Scimp /™ and wild-type mice
were crossed with the transgenic mouse strain B1-8i express-
ing B cell antigen receptor (BCR) specific for 4-hydroxy-3-ni-
trophenylacetyl (NP) hapten. Then we isolated B cells from
these mice and fed them with NP-ovalbumin to allow its pro-
cessing and presentation on MHCII molecules. Next we tested
the ability of these B cells to stimulate OTII T cells expressing
transgenic T cell antigen receptor (T CR) specific for ovalbumin
peptide. The proliferation and activation of antigen-specific T
cells were measured by flow cytometry (Fig. 2C). Similar to the
previous experiment, we did not observe any differences
between WT and Scimp ™/~ B cells in their ability to activate
antigen-specific T cells.

Finally, we also tested signaling downstream of MHCIIgp in
SCIMP-deficient B cells. Specifically, we analyzed ERK MAP
kinase activation triggered by MHCIIgp cross-linking, which
was shown previously to be reduced in the K46 B cell line after
SCIMP down-regulation (24). However, in contrast to the K46
B cell line, murine purified B cells isolated from Scimp ™/~
spleen did not show any defects in ERK phosphorylation when
compared with wild-type B cells (Fig. 2D). Moreover, calcium
responses after MHCIIgp and IgM cross-linking were also not
altered (Fig. 2E). This lack of differences at the single cell level in
vitro may explain the lack of differences during the antigen
presentation assay and antigen-specific antibody response in
vivo.

SCIMP Expression in Myeloid Cells—SCIMP is expressed not
only in the B cell lineage but also in myeloid cells, such as den-
dritic cells and macrophages. Strong expression of SCIMP was
observed in dendritic cells differentiated from human mono-
cytes using GM-CSE- and IL-4-supplemented medium (24).
Interestingly, in bone marrow-derived macrophages (BMMFs),
SCIMP expression is relatively low. However, it can be strongly
up-regulated after GM-CSF treatment (Fig. 3A4). Therefore, we
wanted to find out whether SCIMP expression in BMDCs pre-
pared by culturing bone marrow cells in GM-CSF-containing
medium is caused by the presence of GM-CSF or whether it is
their intrinsic quality. To test this, we used another method of
BMDC generation from bone marrow cells that employs FIt3L
instead of GM-CSF. As Fig. 3B shows, SCIMP is expressed even
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FIGURE 1. Verification of SCIMP protein deficiency and leukocyte subset analysis in Scimp ~/~ mice. A, lysates of splenocytes and BMDCs prepared from
WT and Scimp ™/~ (KO) mice were probed for the presence of SCIMP and GAPDH (loading control) by Western blotting. B-E, percentages of major leukocyte
subsets in the bone marrows (B), spleens (C), lymph nodes (D), and peripheral blood (E) of WT and Scimp ~/~ mice determined by flow cytometry. The individual
subpopulations were gated as follows. Bone marrow: B cells (B220*), CD43™" B cells (B220", CD43 ™), CD43~ B cells (B220™, CD43 "), dendritic cells (F4/80~,
Ly6C~, CD11b'Y, CD11c"), monocytes (Mono, F4/80~, CD11b™, Gr1'®¥, Ly6CM), granulocytes (Granulo, F4/80~, Ly6C™, Gr1™), and basophils (Baso, ckit™,
CD49b™, FceR™). Spleen and lymph nodes: B cells (CD19™), MZ B cells (82207, IgM™, IgD~,CD1d "), T1 B cells (8220, IgM™, gD ™), T2+ FM B cells (8220, IgD™),
Tcells (CD3%),CD4 T cells (CD3*,CD4 ™), CD8 T cells (CD3 ™, CD8*), monocytes (F4/80,CD11b™, Gr1'**, Ly6C™), granulocytes (CD3~,CD19~,CD11b*, Gr1™),
classical dendritic cells (CD11c ™, Ly6C ™), CD4 " classical dendritic cells (CD11c*, Ly6C—,CD4 "), CD8™ classical dendritic cells (CD11c*, Ly6C ,CD8™), plasma-
cytoid dendritic cells (CD11c'®", Ly6C™", B220*), and macrophages (CD11b'°%, F4/80™). Peripheral blood: B cells (CD19"), T cells (CD3*), monocytes (SSA'°",
CD11b™), granulocytes (CD11b™, LyG", Ly6C'°"), basophils (ckit~, CD49b™, FceRla ™), and eosinophils (Fosino, CD11b™, Ly6C'®, Ly6G ™, SSA™).

in BMDCs differentiated by FIt3L, although it is still further SCIMP Is Phosphorylated After Stimulation of Dendritic Cells
up-regulated after GM-CSF exposure (Fig. 3B). and Macrophages with Zymosan—Because of the strong

Finally, to assess SCIMP expression in dendritic cells in vivo, ~SCIMP expression in BMDCs, we decided to search for its func-
we sorted classical dendritic cells from murine spleens and ana-  tion in this cell type. Surprisingly, we observed only a marginal
lyzed SCIMP expression in these cells by Western blotting. increase in SCIMP phosphorylation after MHCIIgp cross-link-
These results clearly showed the presence of SCIMP in primary  ing on the surface of these cells (Fig. 44). Thus we hypothesized
DCs (Fig. 3C). From these results we can conclude that SCIMP  that, in BMDCs, SCIMP acts downstream of a different recep-
is expressed in dendritic cells in vitro and in vivo and that its  tor. Dectin-1 was a very good candidate because, similar to
expression is enhanced by the presence of GM-CSF. SCIMP, it is present in tetraspanin-enriched microdomains
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FIGURE 2. Normal responses of Scimp ™/~ B cells. A, sorted naive mouse B cells from control mouse or GL7* germinal center (GC) B cells from sheep red blood
cell-immunized mice were lysed in SDS-PAGE sample buffer and probed for SCIMP protein by immunoblotting. GAPDH staining served as a loading control. IP,
immunoprecipitation; WB, Western blotting. B, sera from WT (n = 5) or Scimp ™/~ (KO, n = 6) mice immunized intradermally with ovalbumin in incomplete
Freund adjuvant were collected, and immunoglobulins specific to ovalbumin were detected by ELISA. As a control, preimmune sera from the same mice were
used. G, proliferation of OTII transgenic T cells labeled with CFSE was measured after 48 h co-culture with NP-ovalbumin-fed B1-8i transgenic B cells (WT or
Scimp /") by flow cytometry. T cells cultured alone served as a negative control (—). Percentages of dividing cells and median CFSE fluorescence of cells that
underwent at least one division are shown. D, ERK1/2 phosphorylation after MHClIgp cross-linking in WT and Scimp ™/~ primary splenic B cells was analyzed by
immunoblotting. £, splenocytes isolated from WT and Scimp ™/~ mice were stained with APC-conjugated anti-CD3 and anti-CD11b antibodies. The increase in

calcium flux after MHClIgp or IgM cross-linking was evaluated in B cells (gated as CD3~ CD11b ) using a Fura Red calcium-sensitive probe.

C o minor reduction during the 30-min experiment (Fig. 4D). A

BMMF Flt3L DCs S similar observation was also made with BMMFs (Fig. 4E).
7 & i § SCIMP Is Involved in Dectin-1 Signaling—Dectin-1 signal
; ; g E transduction is initiated by Src family kinases and Syk (15). To
9 wa: 9 we @ & g test which kinases are responsible for SCIMP phosphorylation
- SCIMP E SCIMP & | scimp  after zymosan treatment, we stimulated BMDCs with zymosan
- S 120 15 47 in the presence of specific inhibitors of Src family kinases and
GAPDH El . GAPDH Syk. The results suggested that both Src family and Syk kinases
pr— TR TR are required for SCIMP phosphorylation after zymosan treat-

FIGURE 3. Expression of SCIMP and its regulation in dendritic cells and
macrophages. A, BMMFs were differentiated from bone marrow cells for 7
days in M-CSF-containing medium. On day 7, the medium was replaced with
GM-CSF-containing medium, and after an additional 24 h, cells were lysed in
SDS-PAGE sample buffer. SCIMP was detected by immunoblotting. WB, West-
ern blotting. B, dendritic cells were generated using FIt3L- and stem cell fac-
tor-containing medium. On day 8, plasmacytoid dendritic cells were removed
using anti-mPDCA-1 magnetic beads, and the rest of the dendritic cells were
cultured for 24 h in GM-CSF-containing medium followed by analysis of
SCIMP expression by immunoblotting. C, splenic ¢DCs (CD11c*, B2207,
Ly6C ™) were sorted from the spleens of wild-type mice, lysed, and subjected
to immunoblotting with SCIMP and GAPDH antibodies. BMDCs served as a
positive control.

(24), and it is up-regulated in the presence of GM-CSF. We used
zymosan as a well established Dectin-1 activator. Zymosan is a
preparation of small particles rich in the Dectin-1 ligand 3-glu-
can, prepared from the yeast Saccharomyces cerevisiae (26).
Strikingly, treatment of BMDCs with zymosan resulted in a
strong increase of SCIMP phosphorylation (Fig. 4B). Moreover,
SCIMP localized into zymosan-containing phagosomes and
remained there for at least 30 min (Fig. 4C and supplemental
Movie 1). SCIMP phosphorylation was very stable, with only a
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ment because SCIMP phosphorylation was most profoundly
reduced when both Src family kinase (PP2) and Syk (Syk inhib-
itor IV) inhibitors were combined (Fig. 54).

The composition of zymosan is relatively complex. In addi-
tion to B-glucan, it also contains mannans (ligands of Dectin-2)
and TLR2 ligands (26, 27). To confirm Dectin-1 involvement in
the induction of SCIMP phosphorylation, we exploited the
much stronger responsiveness of Dectin-1 to particulate 3-glu-
can than to soluble B-glucan as a unique feature of this receptor.
Asaresult, many aspects of Dectin-1 signaling after stimulation
with particulate B-glucan can be inhibited by soluble forms of
B-glucan (19). Thus, in the next experiment, we stimulated
BMDCs with zymosan particles in the presence or absence of
soluble B-glucan. Indeed, treatment with soluble 3-glucan sub-
stantially inhibited SCIMP phosphorylation, whereas soluble
mannan had no effect (Fig. 5B), suggesting that SCIMP is
indeed a part of the Dectin-1 signaling pathway. To further
support this conclusion, we investigated SCIMP phosphoryla-
tion in MyD88-deficient BMDCs, which have impaired func-
tion of multiple TLRs, including TLR2, the main TLR activated
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FIGURE 4. SCIMP is phosphorylated in response to zymosan stimulation.
BMDCs stimulated for 5 min by MHClIgp cross-linking. WB, Western blotting. B,
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A, SCIMP phosphorylation in SCIMP immunoprecipitates (IP) prepared from
SCIMP phosphorylation in SCIMP immunoprecipitates prepared from BMDCs

stimulated for 5 min with 300 wg/ml zymosan. C, localization of SCIMP-YFP into zymosan-containing phagosomes in BMDCs retrovirally transduced with a
SCIMP-YFP coding construct. Zymosan is visible because of its strong autofluorescence. Scale bars = 10 um. D, sustained SCIMP phosphorylation in SCIMP
immunoprecipitates prepared from BMDCs stimulated for the indicated times with 300 wg/ml zymosan. E, sustained SCIMP phosphorylation in SCIMP
immunoprecipitates prepared from BMMFs stimulated for the indicated times with 300 g/ml zymosan.

by zymosan (17, 28, 29). SCIMP phosphorylation was not
affected by the disruption of TLR signaling (Fig. 5C). Based on
these experiments, we concluded that Dectin-1 is responsible
for inducing SCIMP phosphorylation after zymosan treatment.

SCIMP Is Important for Sustained MAP Kinase Signaling and
Cytokine Production After Stimulation with Zymosan—To test
the functional significance of SCIMP in Dectin-1 signaling, we
first measured ERK activation in zymosan-stimulated BMDCs
because the ERK pathway was affected in the previous study of
the SCIMP-deficient K46 B cell line (24). We stimulated
BMDCs with zymosan for 30 min and followed ERK phosphor-
ylation in the lysates prepared from these cells at various time
points. Surprisingly, we could not detect any reproducible dif-
ferences in ERK phosphorylation between wild-type and
Scimp ™/~ BMDC:s (Fig. 6A). Similar results were also obtained
for p38 and JNK MAP kinases (Fig. 6A and data not shown). We
also crossed Scimp /" mice with a MyD88-deficient strain to
avoid interference from the TLR pathways. However, even in
MyD88-deficient BMDCs, no differences in signaling caused by
SCIMP deficiency could be detected (data not shown).

As shown in Fig. 4D, SCIMP phosphorylation after zymosan
activation was stable for at least 30 min. When we analyzed this
further, we found that increased SCIMP phosphorylation could
be observed even as late as 24 h after addition of zymosan (Fig.
6B). However, it also seemed that the amount of SCIMP immu-
noprecipitated from zymosan-treated cells was higher. Indeed,
when we tested cell lysates from untreated and zymosan-acti-
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vated BMDCs, we observed that SCIMP expression was up-reg-
ulated after zymosan-mediated activation (Fig. 6C). Therefore,
we decided to investigate the signaling downstream of Dectin-1
in Scimp ™/~ BMDCs at 24 h after initiation of signaling. To
avoid interference from TLR pathways, we used mice with a
MyD88-deficient genetic background for this experiment.
Consistent with the long-lasting SCIMP phosphorylation, we
observed a significant reduction of ERK and p38 phosphoryla-
tion in SCIMP-deficient BMDCs at this late time point (Fig. 6, D
and E). This effect seemed selective for MAP kinase signaling
because we did not detect any differences in the phosphoryla-
tion of PKCS4 in the same samples (Fig. 6F). We also tested the
activation status of JNK and the members of the NF-«B path-
way (p65 and IKK«/f), but we could not detect any phosphor-
ylation of these proteins, which at this late stage of signaling
could have already been down-regulated.

Finally, we tested whether the defects in MAP kinase signal-
ing influence downstream functional responses in dendritic
cells. In a recent study, activation of the ERK pathway was
shown to be critical for inflammatory cytokine production in
BMMFs (30). Because we were unable to detect any significant
defects in cytokine production in Scimp '~ BMDCs during the
typical experimental setup, where the readout was measured
within the first 24 h of stimulation (data not shown), we focused
our analysis on late phases of cytokine production beyond the
24-h time frame. At these late phases, the alterations to sus-
tained MAP kinase activity observed in Scimp '~ BMDCs were
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FIGURE 5. SCIMP is part of the Dectin-1 signaling pathway. A, BMDCs were incubated with 10 um PP2 or 2 um Syk inhibitor IV (S//V) or a combination of them
for 5 min. Next, 300 ug/ml zymosan was added, and cells were incubated in its presence for the indicated times, lysed, and subjected to SCIMP immunopre-
cipitation (/P) followed by immunoblotting with phosphotyrosine (P-Tyr) and SCIMP antibodies. WB, Western blotting. B, BMDCs were incubated at 37 °C with
600 wg/ml mannan or 600 ug/ml soluble B-glucan alone or in combination with 300 ng/ml zymosan. The level of SCIMP phosphorylation was detected as in
A. C, MyD88-deficient or wild-type BMDCs were activated with 300 wg/ml zymosan for 5 or 15 min, and SCIMP phosphorylation was detected as in A.

more likely to have an effect. To measure the prolonged cyto-
kine production, we washed away cytokines produced during
the initial 48 h of stimulation and then cultured the cells for an
additional 24 h before collecting the supernatants. This way we
obtained samples containing only the cytokines produced
between 48 —72 h after zymosan stimulation. Under these con-
ditions, we observed a significant reduction in the production
of TNFa and IL-6 by Scimp/MyD88 '~ BMDCs compared
with MyD88 '~ cells (Fig. 6G). These data are in agreement
with our observations that SCIMP deficiency affects mainly the
late phases of Dectin-1 signaling.

Discussion

In this article, we describe an initial analysis of SCIMP-defi-
cient mice. Analysis of lymphocyte subsets in these mice at
steady state showed that SCIMP is dispensable for leukocyte
development and homeostasis. On the other hand, our results
also showed that SCIMP is involved in Dectin-1 signaling,
where it appears to be selectively involved in sustaining long-
term ERK and p38 MAP kinase activation and pro-inflamma-
tory cytokine production.

An earlier cell line-based study from our laboratory (24) sug-
gested that, in B cells, SCIMP is involved in the reverse signaling
at the B cell side of the immunological synapse downstream of
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MHCII glycoproteins. Specifically, it showed that SCIMP accu-
mulates at the APC side of the immunological synapse and that
shRNA-mediated SCIMP down-regulation results in a defect in
ERK signaling downstream of MHCIIgp in the K46 murine B
cell line. However, our analysis of primary murine B cells from
SCIMP-deficient mice showed that, in contrast to the K46 B cell
line, SCIMP deficiency has no significant impact on ERK sig-
naling elicited by MHClIIgp cross-linking in primary mouse B
cells. One possible explanation was that the K46 cell line may be
more related to activated B cells, such as those present in the
germinal center (31). Indeed, germinal center B cells express
higher levels of SCIMP than naive B cells and thus seem more
likely to be affected by the loss of SCIMP. Nevertheless, we have
not observed any effects of SCIMP deficiency on germinal cen-
ter B cell numbers in Scimp ™/~ mice, and our experiments with
isolated germinal center B cells did not reveal any differences in
MHCIIgp signaling between WT and Scimp /~ GC B cells
(data not shown). Moreover, intact antibody production by
Scimp ™/~ mice (Fig. 2B) also suggested that germinal center
reaction is not affected by SCIMP deficiency.

We also tested a possible involvement of SCIMP in MHCIIgp
signaling in dendritic cells. However, despite the high levels of
SCIMP in these cells, MHCIIgp cross-linking resulted only in a
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FIGURE 6. SCIMP enhances long-term MAP kinase activation and pro-inflammatory cytokine production after stimulation with zymosan. A, BMDCs
from WT and Scimp ™/~ (KO) mice were stimulated with 300 ug/ml zymosan for the indicated times, and ERK1/2 and p38 phosphorylation was analyzed by
immunoblotting. WB, Western blotting. B, BMDCs from C57BI/6J mice were stimulated with 300 wg/ml zymosan for 24 h or left unstimulated, lysed, and
subjected to SCIMP immunoprecipitation followed by immunoblotting with phosphotyrosine (P-Tyr) and SCIMP antibodies. C, levels of SCIMP protein in the
lysates of BMDCs stimulated with 300 wg/ml zymosan for 24 h or left unstimulated were analyzed by immunoblotting with SCIMP antibodies. D, phosphory-
lation of ERK1/2 in the lysates of WT and Scimp ™/~ BMDCs stimulated with zymosan for 24 h or left unstimulated (left panel). The right panel shows the results
of densitometric quantification of ERK phosphorylation in samples prepared from 4 mice/genotype. E, a similar analysis of p38 phosphorylation in the samples
from D. F, a similar analysis of PKC8 phosphorylation. G, late production of TNFa and IL-6 by WT and Scimp ~/~ BMDCs. BMDCs were stimulated with 300 ug/ml
zymosan for 48 h, washed, and cultured for an additional 24 h in the absence of stimulus. After this period, culture supernatants were collected and analyzed
by ELISA for the presence of TNFa and IL-6. In the experiments shown in B-G, mice with a MyD88-deficient genetic background were used.

marginal increase in SCIMP phosphorylation, suggesting that,
in dendritic cells, SCIMP may function differently from B cells
and act downstream of a different receptor. Our candidate-
based approach led to the identification of the 3-glucan recep-
tor Dectin-1 as a receptor employing SCIMP in its signal trans-
duction. Because both SCIMP and Dectin-1 are associated with
tetraspanins (21, 22), we hypothesized that, via tetraspanin-
enriched microdomains, SCIMP and Dectin-1 may interact
and, as a result, that SCIMP may be involved in coupling of
Dectin-1 to downstream signaling pathways. Indeed, in both
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dendritic cells and GM-CSF-activated macrophages, SCIMP is
strongly phosphorylated after Dectin-1 stimulation with zymo-
san. However, zymosan also contains ligands for additional pat-
tern recognition receptors, and so we performed a series of
experiments indicating that Dectin-1 is indeed the receptor
triggering SCIMP phosphorylation. These experiments showed
that SCIMP phosphorylation induced by zymosan treatment is
not affected in Myd88 ™/~ dendritic cells with dysfunctional
TLR signaling. In addition, zymosan-triggered SCIMP phos-
phorylation was inhibited by soluble B-glucan, which can spe-
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cifically bind to the receptor but does not fully activate it (19). In
contrast, a soluble form of mannan, another major zymosan
component, did not inhibit SCIMP phosphorylation after
zymosan treatment. Interestingly, soluble mannan alone elic-
ited moderate SCIMP phosphorylation, suggesting that there
may be a minor contribution from a mannan receptor, such as
Dectin-2 (32), to zymosan-induced SCIMP phosphorylation.

SCIMP phosphorylation lasts for many hours after the
encounter with zymosan. Moreover, zymosan stimulation also
enhances SCIMP expression. Because SCIMP typically displays
a certain level of constitutive phosphorylation even in quiescent
cells, SCIMP protein up-regulation can contribute to the
increased phosphorylation observed at the very late time
points. However, the relative contribution of increased SCIMP
expression and Dectin-1-induced phosphorylation to global
levels of phosphorylated SCIMP remains unclear. Phosphoryl-
ated SCIMP appears to be important for sustaining ERK and
p38activation for prolonged periods of time. The precise mech-
anism of how SCIMP mediates ERK and p38 signaling is not
entirely clear. Dectin-1 activates, by an unclear mechanism,
PLCy2, which is indispensable for ERK activation (33). PLC~y2
products also activate PKC8, which then phosphorylates the
adaptor protein CARD?Y, resulting in activation of the NF-«B
pathway (15). A recent study showed that CARD9 also plays a
critical role in ERK activation by bringing together Ras and
RasGRF1, resulting in the activation of Ras and ERK further
downstream (30). However, the existence of CARD9-indepen-
dent pathways cannot be ruled out. Previously published data
showed that SCIMP binds the SLP65/SLP76 adaptor proteins,
which are known to be involved in PLCvy1/2 activation (24, 34).
In addition, SCIMP also binds Grb2, which can then recruit Sos
proteins, well characterized exchange factors for Ras and acti-
vators of the Ras/ERK pathway. Products of PLCy2 also activate
another family of Ras exchange factors, RasGRP proteins,
which activate Ras downstream of TCR, BCR, and other immu-
noreceptors (35). Clearly, there are multiple options of how
SCIMP can contribute to Dectin-1-dependent ERK activation.
It certainly is not the only player connecting Dectin-1 to the
ERK pathway, and especially at the early stages of signaling,
other pathways dominate the response. However, at the very
late stages of Dectin-1 stimulation, SCIMP activity becomes
more apparent.

In addition to ERK, SCIMP also contributes to the activation
of p38 MAP kinase. The mechanism of p38 activation down-
stream of Dectin-1 is less well understood. In contrast to ERK it
was shown to be independent of CARD9 (30). Our observations
of similar defects in ERK and p38 activation in SCIMP-deficient
animals together with unperturbed PKCS3 activity suggest that
SCIMP affects a CARD9-independent pathway that may be
involved in the activation of both of these MAP kinases.

Dectin-1 is an important innate immune receptor recogniz-
ing a number of pathogenic fungi. It supports the immune
response by mediating phagocytosis of these pathogens by trig-
gering an oxidative burst and by inducing the production of
cytokines (7, 17, 18). We have analyzed all of these downstream
responses in BMDCs from SCIMP-deficient mice, but we did
not observe any differences between WT and SCIMP-deficient
cells when stimulated by zymosan (data not shown). The only
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exceptions were the late phases of TNFa and IL-6 production
(Fig. 6G). Our data are consistent with previous observations
that ERK signaling is required for the production of TNFe and
IL-6 downstream of Dectin-1 (30, 36). p38 signaling in macro-
phages and dendritic cells has also been shown to contribute to
pro-inflammatory cytokine production (37, 38). Although the
precise function of the late sustained production of these cyto-
kines still remains to be clarified, the role of these cytokines in
antifungal defense has already been well established. Mice defi-
cient in TNFa or IL-6 were shown to be highly susceptible to
fungal infections (39 —42). Moreover, the use of agents blocking
the function of TNFa or IL-6 in human patients is also associ-
ated with an increased incidence of infection with opportunis-
tic fungi (43).

Taken together, our study describes a novel branch of Dec-
tin-1 signaling that is driven by the small transmembrane adap-
tor SCIMP. Our data suggest that the early and late phases of
Dectin-1 signaling are differentially regulated. The late sus-
tained phase of Dectin-1 signaling is partly dependent on
SCIMP, which in dendritic cells promotes MAP kinase signal-
ing and production of TNFa and IL-6, important mediators of
the inflammatory response during fungal infections.

Experimental Procedures

Antibodies—Antibodies to the following antigens were used
for Western blotting detection: GAPDH (Sigma-Aldrich);
phospho-ERK (Thr-202/Tyr-204), phospho-PKCd/6 (Ser-643/
676), PKC8, phospho-p38 (Thr-180/182), and p38 MAPK, (Cell
Signaling Technology); ERK1/2 (Promega); and phospho-tyro-
sine (4G10, Upstate Biotechnology). Rabbit polyclonal antibod-
ies against murine SCIMP were described earlier (24). For the
flow cytometry analysis, antibodies against the following mouse
antigens conjugated to the indicated fluorophores were used:
CD3-PE-Cy7, CD5-PE, CD11b-FITC, CD11b-PE, CD11b-
APC, CD19-eFluor 660, CD19-FITC, CD23-Dye 647, F4/80-
FITC, Grl-PB, Ly6G-FITC, CD49b (DX5)-APC, c-kit-PE, Grl-
PE, Ly6C-PE-Cy7, B220-FITC, IgM-FITC, MHCII-FITC,
FceRIa-PB, and CD86-APC (Biolegend); CD1d-FITC, CD4-PE,
CD8-e450, CD11c-APC, CD43-PE, GL7-FITC, B220-e450,
IgD-APC, and CD80-APC (eBiosciences); and CD3-APC and
CD8-FITC (EXBIO). The anti-IgM-Dy547 antibody was con-
jugated in-house. For MACS purification, anti-CD43,
anti-CD11b, anti-CD19, anti-FITC, and anti-mPDCA-1
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
were used. Other antibodies used in this study were anti-mouse
I-A/I-E-biotin (Biolegend), HRP-conjugated goat anti-mouse
IgG (Sigma-Aldrich), HRP-conjugated goat anti-rabbit IgG Fc
fragment-specific, goat anti-mouse IgM F(ab), (Jackson Immu-
noResearch Laboratories), Fc Bloc (2.4G2) (BD Biosciences),
and HRP-conjugated goat anti-rabbit polyclonal antibody
(Bio-Rad).

Other Reagents—We also used mannan from S. cerevisiae
(Sigma-Aldrich), zymosan A from S. cerevisiae (Sigma-
Aldrich), streptavidin (Jackson ImmunoResearch Laborato-
ries), CESE (5-(and 6)-carboxyfluorescein diacetate succinimi-
dyl ester; eBioscience), and NP(14)-ovalbumin (Bioresearch
Technologies, Inc.). Soluble B-glucan (Wellmune Soluble)
was a kind gift from Bengt Hansson (Biogredia AB, Sandef-
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jord, Norway). The Src family kinase inhibitor PP2 and Syk
inhibitor IV (BAY 61-3606) were from Calbiochem/Merck
(Darmstadt, Germany).

Mice—The SCIMP-deficient mouse strain Scimp®™2OMP)Wsi
on the C57Bl/6] genetic background (throughout this article
labeled as Scimp /") was generated at the Wellcome Trust
Sanger Institute (Cambridge, UK) within International Knock-
out Mouse Consortium Project 24100 and was directly
obtained from the Wellcome Trust Sanger Institute. B1-8i B
cell antigen receptor-transgenic mice (44), the OTII transgenic
mouse strain (C57BL/6-Tg(TcraTcrb)425Cbn/Crl), and the
Myd88-deficient mouse strain (B6.129P2(SJL)-Myd88tml1.
1Defr/]) derived from Myd88fl mice (45) were obtained from
The Jackson Laboratory (Bar Harbor, ME). C57Bl/6] for com-
parative experiments originated from crossing Scimp®’/~
heterozygotes. Other C57Bl/6] mice were from the animal facil-
ity of the Institute of Molecular Genetics of the Academy of
Sciences of the Czech Republic (IMG ASCR) (Prague, Czech
Republic). All experiments in this work conducted on animals
were approved by the Animal Care and Use Committee of the
Institute of Molecular Genetics and were in agreement with
local legal requirements and ethical guidelines.

Cell Lines and Primary Cells—Primary mouse B cells were
isolated from spleens of Scimp ~/~ and C57B1/6] mice by nega-
tive selection using anti-CD43 and anti-CD11b MicroBeads
(Miltenyi Biotec) on an AutoMACS magnetic cell sorter (Milte-
nyi Biotec) and subsequently cultured in Iscove’s modified Dul-
becco’s medium (IMDM). BMMFs were differentiated from
mouse bone marrow cells in DMEM conditioned with 10%
L929 culture supernatant containing M-CSF for 7-9 days.
BMDCs were differentiated in DMEM conditioned with 3%
LUTZ cell culture supernatant containing GM-CSF for
10-12 days. Ftl3L-generated dendritic cells were cultured in
100 ng/ml rmFLT3L (Peprotech) and RPMI medium supple-
mented with stem cell factor (supernatant from HEK293
cells transfected with a stem cell factor-coding construct) for
8 days, and then plasmacytoid dendritic cells were removed
using anti-mPDCA-1 microbeads on an AutoMACS, and the
rest of the dendritic cells were used further.

To prepare primary classical dendritic cells, splenocytes
from C57Bl/6] mice were incubated with Fc bloc, CD3-FITC,
IgM-FITC, and Ter119-FITC and precleared on an AutoMACS
using anti-FITC magnetic beads (Miltenyi Biotec). The nega-
tive fraction was further stained with B220-e450, Ly6C-
PE_Cy7, and CD11c-APC and sorted by BD Influx FACS (BD
Biosciences) for classical DCs (CD11c™, B220~, Ly6C™) (46).
For GL7™ germinal center B cell purification, all splenic B cells
were first purified from mice immunized intraperitoneally with
sheep red blood cells by negative selection using CD11b and
CD43 microbeads on an AutoMACS magnetic cell separator.
The obtained B cells were then stained with GL-7-FITC anti-
body, followed by positive selection with anti-FITC magnetic
beads using the same AutoMACS separator. Phoenix Eco cells
were obtained from Origene and cultured in DMEM. All media
were supplemented with 10% fetal calf serum and antibiotics.
The cells were cultured at 37 °C in 5% CO,,.

DNA Constructs, Transfection, and Transduction—The
mouse SCIMP-YFP construct coding for full-length mouse
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SCIMP tagged at the C terminus with yellow fluorescent pro-
tein was cloned into the pMSCV-LNGEFR retroviral vector.
Lipofectamine 2000 (Invitrogen/Thermo Fisher Scientific) was
used according to the protocol of the manufacturer for the
transfection of SCIMP-YFP/pMSCV-LNGEFR construct to
Phoenix Eco cells to produce viral particles. Retrovirus-con-
taining supernatants were then harvested, supplemented with
Polybrene (10 mg/ml, Sigma-Aldrich), and added to the freshly
isolated bone marrow cells. The cells were then centrifuged at
1250 X g for 90 min at 30 °C and differentiated into BMDCs or
BMMFs.

Cell Activation, Lysis, and Immunoprecipitation—To test the
effect of zymosan and other activators on BMDCs, fully differ-
entiated BMDCs were plated on 6-well plates (2 X 10° cells/
well) in culture medium and allowed to adhere to the plastic
overnight. Then the medium was changed for DMEM without
GM-CSF. After 2 h, zymosan in DMEM was added to a final
concentration of 300 ug/ml. The activation of cells was stopped
after the indicated time periods by lysis in SDS-PAGE sample
buffer. For immunoprecipitation, the cells (BMDCs or
BMMFs) were plated on 10-cm dishes and activated as above or
by biotinylated anti mouse I-A/I-E antibody (Biolegend, 10
pg/ml), followed by cross-linking with 10 pg/ml streptavidin
(Jackson ImmunoResearch Laboratories). They were then lysed
in lysis buffer containing 1% laurylmaltoside (Calbiochem/
Merck), 20 mm Tris (pH 7.5), 150 mMm NaCl, 5 mMm iodoacet-
amide, 5 mm NaF, 1 mm NazVO,, 2 mm EDTA, and 100X
diluted protease inhibitor mixture set III (Calbiochem) for 30
min on ice. Postnuclear supernatants were incubated for 1-2 h
with anti-SCIMP rabbit antiserum followed by 1-2 h of incu-
bation with protein A/G Plus-agarose beads (Santa Cruz Bio-
technology) at 4 °C. After washing, the immunoprecipitates
were eluted with 40 ul of SDS-PAGE sample buffer.

B cell stimulations were carried out in suspension. B cells
were resuspended in a concentration of 5 X 10”/ml in IMDM
and activated by labeling with 10 ug/ml biotinylated anti-
mouse I-A/I-E antibody, followed by cross-linking with 10
pg/ml streptavidin in IMDM at 37 °C for the indicated time
intervals. The activation of cells was stopped by addition of an
equal volume of 2X concentrated SDS-PAGE sample buffer.
Western blotting quantification was performed by densitome-
try of scanned films using AIDA image analyzer software (Ely-
sia-raytest, Straubenhardt, Germany), and the obtained values
were inserted into the figures below the individual blots.

Flow Cytometry—Single cell suspensions were prepared from
spleens, lymph nodes, bone marrow, and peripheral blood from
6- to 8-week-old mice. Erythrocytes were lysed with ACK
buffer (150 mm NH,CI, 0.1 mm EDTA (disodium salt), and 1
mM KHCO,). The remaining cells were incubated with Fc-bloc
and fluorophore-conjugated antibodies and analyzed on a BD
LSRII Flow cytometer. For calcium response measurement, a
single cell suspension of splenocytes (after erythrocyte lysis in
ACK buffer) was loaded with 2 uMm calcium indicator Fura Red
(Invitrogen) and subsequently stained with anti-CD3-APC and
anti-CD11b-APC. Samples were analyzed using a BD LSRII
flow cytometer for 30 s at rest and then another 150 s after
activation (either with 10 wg/ml anti-mouse IgM F(ab)2 anti-
body (Jackson ImmunoResearch Laboratories) or with 10
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pg/ml streptavidin, which cross-linked MHCIIgp molecules on
B cells preincubated with biotinylated anti-I-A/I-E antibody
(Biolegend). The relative calcium concentration was measured
as a ratio of the Fura Red fluorescence intensity elicited by exci-
tation wavelengths of 405 nm (emission measured at 635-720
nm) and 488 nm (emission measured at 655—695 nm). Data
were analyzed using FlowJo software (TreeStar).

Antigen Presentation Assay—For the antigen-presentation
assay, we modified a method published previously (47). CD4™ T
cells isolated from lymph nodes of OTII mice using negative
selection (CD11b, CD8, CD19-FITC) on AutoMACS were cul-
tured for 2 days in RPMI medium supplemented with 100
ng/ml anti-CD3 antibody and 2 units/ml IL2 for 48 h. B cells
negatively selected on AutoMACS were fed for 1 h with 10
mg/ml NP-ovalbumin at 37 °C, washed with PBS, and cultured
in a ratio of 1:1 with CFSE-stained T cells. After 48 h, cell pro-
liferation was measured using a BD LSRII flow cytometer.

Immunization—For antibody detection, Scimp7/7
C57Bl/6] mice, 6-8 weeks old, were intradermally injected
with 100 ug of ovalbumin/mouse in incomplete Freund adju-
vant. The second immunization followed 21 days after the first
immunization. Serum from mice was collected on day 10 after
the second immunization. Antibody concentration was mea-
sured by ELISA.

Cytokine Detection—Concentrations of TNFa and IL-6
in BMDC culture supernatants were determined by Ready-
SET-Go!® ELISA kits from eBioscience according to the
instructions of the manufacturer.

Microscopy—For live cell microscopy, BMDCs and BMMFs
expressing SCIMP-YFP were transferred into Lab-Tek cham-
bered coverglass (Nunc, Thermo Fisher Scientific), and
strongly autofluorescent zymosan particles were subsequently
added. Cells were observed in a climate chamber (37 °C, 5%
CO,) under a Leica TCS SP5 confocal microscope using a X63
objective lens (Leica Microsystems). Data were analyzed using
LAS AF software (Leica Microsystems).

and
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