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Cdc42-dependent actin dynamics controls
maturation and secretory activity of dendritic cells
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Cell division cycle 42 (Cdc42) is @ member of the Rho guanosine triphosphatase family and has pivotal functions in actin
organization, cell migration, and proliferation. To further study the molecular mechanisms of dendritic cell (DC) regula-
tion by Cdc42, we used Cdc42-deficient DCs. Cdc42 deficiency renders DCs phenotypically mature as they up-regulate
the co-stimulatory molecule CD86 from intracellular storages to the cell surface. Cdc42 knockout DCs also accumulate
high amounts of invariant chain-major histocompatibility complex (MHC) class Il complexes at the cell surface, which
cannot efficiently present peptide antigens (Ag’s) for priming of Ag-specific CD4 T cells. Proteome analyses showed a
significant reduction in lysosomal MHC class I-processing proteins, such as cathepsins, which are lost from DCs by
enhanced secretion. As these effects on DCs can be mimicked by chemical actin disruption, our results propose that
Cdc42 control of actin dynamics keeps DCs in an immature state, and cessation of Cdc42 activity during DC maturation

facilitates secretion as well as rapid up-regulation of intracellular molecules to the cell surface.

Introduction

Dendritic cells (DCs) are positioned in tissues throughout the
body, where they take up self and foreign antigens (Ag’s). From
there, they migrate into the T cell areas of lymph nodes (Al-
varez et al., 2008) to present Ag-derived peptides in the con-
text of major histocompatibility complex (MHC) molecules for
tolerance induction or activation of Ag-specific T cells (Merad
et al., 2013). Immature DCs become mature upon appropriate
stimulation, a process induced by drastic changes in gene ex-
pression, protein synthesis, and surface transport to allow DCs
to gain migratory and immune stimulatory properties (Merad
et al., 2013). Most hallmarks of DC function and biology, such
as Ag uptake, migration, and Ag presentation, are tightly regu-
lated processes that require cell polarization and intracellular
redistribution of proteins and organelles. For Ag uptake, actin
polymerization generates force for the internalization of plasma
membrane vesicles containing Ag’s. Macropinocytosis and
phagocytosis, especially, require large, actin-rich cell surface
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protrusions (Niedergang and Chavrier, 2004; Kerr and Teas-
dale, 2009). Internalized vesicles are transported along actin
to Ag-processing compartments for loading onto MHC mol-
ecules and consecutive surface transport for T cell activation
(Watts and Amigorena, 2000; Trombetta and Mellman, 2005;
Kaksonen et al., 2006). However, the mechanisms that coor-
dinate actin regulation during the process of DC maturation
are not well described.

Rho-family GTPases (RhoGTPases) act as molecular
switches, which regulate actin by cycling between inactive
GDP and active GTP-bound states (Tybulewicz and Hender-
son, 2009). Their activity is regulated by guanine nucleotide
exchange factors that induce GTP-bound states of GTPases,
leading to their activation and interaction with various effectors
of actin reorganization. The role of RhoGTPases in DCs has
been studied initially by toxin inhibition and overexpression of
dominant-negative or constitutively active mutants. Later, many
of these approaches were found to have nonspecific effects on
other GTPases as well (Wang and Zheng, 2007; Heasman and
Ridley, 2008). Nevertheless, such experiments established the
importance of GTPase cell division cycle 42 (Cdc42) in mac-
ropinocytosis and phagocytosis by DCs in some (Garrett et al.,
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2000; Shurin et al., 2005b), but not all (West et al., 2000), stud-
ies. Down-regulation of Ag uptake activity during the transition
from actively sampling immature DCs to uptake-inactive ma-
ture DCs has been linked to a loss of active Cdc42 during DC
maturation (Garrett et al., 2000). However, receptor-mediated
endocytosis depends on the cooperation of actin filaments with
other proteins, such as clathrin, for internalization (Schafer,
2002; Kaksonen et al., 2006) and is therefore independent
of RhoGTPases and not down-regulated in mature DCs
(Garrett et al., 2000; Platt et al., 2010). This allows efficient
internalization of exogenous Ag’s upon binding to surface re-
ceptors during all stages of DC maturation (Allenspach et al.,
2008; Platt et al., 2010).

Cdc42 has important functions in many different cell
types, as it regulates cell polarity (Etienne-Manneville, 2004)
and polarized secretion (Allen et al., 1998; Nobes and Hall,
1999). This allows targeted secretion of cytokines from DCs
into the immune synapse and is essential for CD8 T cell prim-
ing (Pulecio et al., 2010). Using CD11c-CrexCdc42"" mice,
we showed previously that Cdc42 also controls DC migra-
tion, as Cdc42-deficient skin-resident DCs and Langerhans
cells (LCs) did not efficiently migrate to draining lymph nodes
(Luckashenak et al., 2013).

In this study, we found that Cdc42-deficient DCs have an
MHC class II (MHCII) Ag presentation defect. Proteome anal-
yses indicated that Cdc42 knockout (ko) DCs only inefficiently
degrade the MHCII-associated invariant chain chaperone
(CD74, or Ii), a defect that was mimicked by treating wild-type
(wt) DCs with actin inhibitors. As a consequence, surface MHC
II molecules of Cdc42 ko DCs were bound to a 12-kD Ii frag-
ment containing the class [I-associated Ii peptide (CLIP). This
interferes with the loading of Ag-derived peptides and priming
of Ag-specific CD4 T cells. Cdc42 ko DCs were phenotypically
mature, expressing high surface levels of the DC maturation
marker CD86, but lacked cytokine production. Proteome anal-
yses indicated a loss of protein contents such as Lamp-1 (ly-
sosomal-associated membrane protein 1) and members of the
cathepsin (CTS) family, which are responsible for lysosomal Ii
processing. Instead, we found cellular contents secreted sponta-
neously into the supernatant in the absence of Cdc42, indicating
its role in controlling secretion and cell surface transport via the
regulation of actin. Collectively, our results suggest that the pre-
viously reported inactivation of Cdc42 during DC maturation
(Garrett et al., 2000) might facilitate rapid surface expression of
maturation marker intracellular MHCII and secretion of other
intracellular components important for efficient immune stimu-
lation and T cell priming.

Results

Cdc4a2 is required for Ag uptake and

subsequent Ag presentation to CD4 T cells
To study the role of Cdc42 in DCs in more detail, we analyzed
Cdc42-deficient bone marrow—derived DCs (BMDCs) from
conditional Cdc42™-Cre mice (Luckashenak et al., 2013) for
their functional properties. Our previous study showed that
DC-specific deletion of Cdc42 using the CD1lc-Cre deleter
strain led to a complete lack of Cdc42 mRNA in DCs in vivo,
but only long-lived LCs and some Langerin* DCs were affected
(Luckashenak et al., 2013). This either suggested differential
dependencies of different DC subsets on Cdc4?2 or reflected the
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presence of residual Cdc4?2 protein that was still detectable in
spleen DCs (Luckashenak et al., 2013). We therefore performed
Western blot and quantitative PCR (qPCR) analyses to confirm
a lack of Cdc42 mRNA and protein from Cdc42 ko BMDCs
(Fig. 1 A). Because Ag uptake by DCs is a prerequisite for effec-
tive T cell priming, we assessed the ability of Cdc42 ko BMDCs
to take up fluorescent ovalbumin (OVA) protein Ag’s. Even
though a comparable fraction of Cdc42 ko BMDCs and wt DCs
was able to take up Alexa Fluor 488 OVA (Alexa OVA), the
overall amount of internalized protein in Cdc42 ko DCs was re-
duced by 50% as compared with wt DCs (Fig. 1 B). In addition,
when both the amount of Ag’s and the incubation time were in-
creased, Cdc42 ko BMDCs showed strongly reduced uptake as
compared with wt BMDCs, even at the highest concentrations
of Alexa OVA (Fig. 1 C). Furthermore, Cdc42-deficient DCs
showed strongly reduced capacities to take up dextran, Luci-
fer yellow, or latex beads (Fig. S1, A and B). Further analyses
showed that the fraction of Cdc42 ko DCs that had taken up Ag’s
showed normal capacities for intracellular Ag processing as
measured with the fluorescence indicator DQ OVA (Fig. S1 C).
These findings suggested a general deficiency for Ag uptake
in the absence of Cdc42 function, confirming an earlier study
(Garrett et al., 2000). As a direct consequence of such reduced
Ag uptake, Cdc42 ko DCs showed a strongly reduced ability
to prime OVA-specific CD4* OT-II T cells (Fig. 1 D), corrob-
orating an earlier study using dnCdc4?2 proteins (Shurin et al.,
2005b). However, to our surprise, when we loaded Cdc42 ko
DCs externally with OVA;,; 33 peptide to overcome the Ag up-
take deficiencies, Cdc42 ko DCs could not efficiently present
peptide Ag’s for priming of OT-II T cells (Fig. 1 D). Al T cell
assays were performed in round-bottom plates, as described
previously, so that GTPase (Rac1/2~/-)-deficient DCs cannot
properly prime CD4 T cells as a result of reduced cell—cell in-
teractions, restricted cell motility, and other physical inhibitions
(Benvenuti et al., 2004). These deficiencies were restored by
physically enforcing DC-T cell interactions in round-bottom
cultures, rather than in flat-bottom well plates (Benvenuti et al.,
2004). As we had observed deficient T cell priming by Cdc42
ko DCs despite enforced physical interaction, we concluded
that rather, Ag-mediated effects might be responsible for the
observed priming deficiencies. This assumption was further
supported by the fact that priming could not be substantially
improved by increasing the DC/T cell ratios (Fig. S1 D).

To find the mechanisms causing diminished adenomatous
polyposis coli function, we next controlled the surface expres-
sion of MHCII and CD86 (Fig. 1 E). This analysis showed that
Cdc42 ko DCs did express comparable levels of surface MHC
IL, but that most Cdc42 ko DCs expressed high CD86 surface
levels even in the absence of DC maturation stimuli such as
lipopolysaccharide (LPS; Fig. 1 E). In addition, although ex-
pressing similar CD86 levels compared with mature DCs,
Cdc42 ko DCs did not secrete inflammatory cytokines such as
IL-6, IL-12, or TNF without further stimulation (not depicted).
Another feature of DC maturation is transient loss of actin-rich
podosomes to recycle actin needed for other processes, such as
endocytosis (West et al., 2004). When wt DCs were plated on
fibronectin-coated surfaces, they rapidly assembled actin-rich
podosomes, which can be identified as phalloidin-stained punc-
tate structures in nearly every wt DC (Fig. 1 F). After 30 min
of incubation with LPS, these actin-rich structures disassem-
ble and disappear in order to reform after 60 min in wt DCs
(Fig. 1 F), as published previously (West et al., 2004). In contrast,
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Figure 1. Cdc42 is required for Ag uptake and subsequent Ag presentation to CD4 T cells. (A) Cdc42 protein and mRNA are absent in Cdc42 ko BMDCs
as shown by Western blotting and qPCR. Bar graph shows one representative experiment out of three with two biological replicates. (B) BMDCs were
pulsed with Alexa OVA, and uptake was determined by flow cytometry. Uptake of Ag was quantified by comparing the mean fluorescence intensity (MFI)
values of wt versus Cdc42 ko BMDCs. Bar graph shows pooled data from three independent experiments. (C) To evaluate a concentration-dependent effect
on Ag uptake, Alexa OVA was added to BMDC cultures at different concentrations for 12 h. Cells were harvested and analyzed by flow cytometry. The bar
graph shows MFI values from one experiment. n = 3. (D) BMDCs were pulsed with peptide-free OVA or OVA;5; 330 and then co-cultured with OVA-specific
CFSE-labeled OTI T cells at the indicated concentrations. After 4 d, T cell proliferation was determined as CFSE dilution. Graphs show the percentage of
divided T cells of one representative experiment. n = 3. (E) BMDC surface marker expression was determined by flow cytometry gating on CD11c* cells
using antibodies for I-AP and CD86. MFI of MHCII expression was calculated as the percentage of MHCII MFI from wt control BMDCs. Data from three
different experiments with similar outcomes were pooled (n = 8-9). (F) BMDCs were seeded on fibronectin-coated slides for 30 min (no LPS) and thereafter
treated with 10 ng/ml LPS for 30 or 60 min. Phalloidin—Alexa Fluor 488 (green) reveals podosomes as punctate actin-rich structures in wt DCs (no LPS). As
a nuclear stain, Drag5 (blue) was used. Error bars represent mean = SEM. ns, not significant. Bars, 10 pm. *, P < 0.05; **, P < 0.01; *** P < 0.001.
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Cdc42 ko DCs cannot form podosomes, neither before nor after
LPS stimulation (Fig. 1 F). Therefore, a lack of Cdc42 gen-
erates phenotypically mature DCs, which, although having a
CD86* mature phenotype and normal MHCII levels, display an
OT-II T cell-priming defect.

Cdcda2 ko DCs can prime alloreactive but
not Ag-specific CD4 T cells

To find out whether Cdc42 ko DCs were generally unable to
prime CD4 T cells independently of Ag uptake or peptide load-
ing, we next used Cdc42 ko and wt BMDCs from the C57BL/6
background as adenomatous polyposis coli for activation of
BALB/c CD4+ T cells in an alloreactive mixed lymphocyte re-
action (Fig. 2 A). Here, wt and Cdc42 ko DCs could activate
naive alloreactive BALB/c CD4* T cells with similar efficiency
(Fig. 2 A), which argues against a general deficiency of Cdc42
ko DCs to prime CD4* T cells. To further circumvent Cdc42
ko-mediated Ag uptake deficiencies, we also targeted OVA-Ag
to Dec205 receptor expressed by DCs. Ag delivery via this
receptor has been reported to be RhoGTPase independent, as
Dec205 is not complexed with actin (Kato et al., 2007) and is
internalized efficiently in mature DCs (Platt et al., 2010), which
do not express activated Cdc42 (Garrett et al., 2000). Indeed,
Dec205 internalization was not compromised in Cdc42 ko DCs,
as demonstrated by an internalization assay with the mAb to the
Dec205 surface marker (Fig. 2 B). Cdc42 ko BMDCs showed
slightly enhanced internalization capacities, which were sta-
tistically, though not significantly, different. When DCs were
targeted with Dec205-OVA, Cdc42 ko DCs, in contrast with wt
DCs, could not prime CD4* OT-II T cells with high efficiency
(Fig. 2 C). This finding suggested that also under conditions
when Ag uptake is normal, the DC priming of CD4 T cells is
compromised in the absence of Cdc42. Collectively, a lack of
Cdc42 generated DCs that were partially phenotypically mature,
expressing high levels of CD86, which were inhibited in prim-
ing of MHClI-restricted Ag-specific CD4 T cells. This, together
with the finding that the same DCs could efficiently activate
alloreactive BALB/c CD4 T cells, suggests that Cdc42 controls
Ag processing itself, rather than DC—CD4 T cell interaction.

Cdc4a2 ko BMDCs have altered

protein contents

To further investigate the basis for this MHCII presentation
deficiency, we performed an unbiased proteomic screen
comparing wt and Cdc42 ko DCs. This analysis quantified
2,897 proteins, which were identified by at least two unique
peptides each, with 7% of the proteins being more than twofold
differentially regulated (Proteomics Identifications [PRIDE]
partner repository, dataset identifier PXD001934). Cdc42
protein levels were reduced 4.5-fold, confirming the knockout
of the protein (Fig. 3 A). We next used a gene ontology (GO)
analysis and found that proteins associated with the cellular
component lysosome (GO:0005764) accumulated significant
changes in Cdc42 ko DCs. 20% of the 388 proteins listed under
this term could be identified in our screen. Of those, 16% were
more than twofold up- or down-regulated in the absence of
Cdc42 (Table S1). Lysosomal proteins such as Lamp-1 and
different CTSs were present in reduced amounts when Cdc42
was absent (Fig. 3 A). In addition, among the regulated proteins,
several microtubule- and actin-binding proteins were present
at increased amounts in the absence of Cdc42 ko (Fig. 3 A;
and Tables S2 and S3). Functional annotation clustering by
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Figure 2. Cdc42 controls priming of Ag-specific, but not alloreactive, CD4
T cells. (A) wt or Cdc42 ko BMDCs (on B57BL/6 background) and BMDCs
(BALB/c) were co-cultured with CFSE-labeled BALB/c CD4+ T cells at indi-
cated DC/T cell ratios for 4 d. T cell proliferation of CFSE-labeled CD4+
T cells was analyzed by flow cytometry, and the graph shows the percent-
age of dividing CD4* T cells of one representative experiment out of two.
n = 2. (B) Internalization of the Dec205 surface receptor was tested with
specific antibody in wt and Cdc42 ko BMDCs by detection of remaining
antibody at the indicated times. The graph shows rFl values on CD11c*
cells as percentages of time zero from two pooled experiments. n = 4.
(C) BMDCs were incubated with Dec205-OVA and subsequently co-cul-
tured with CFSE-labeled OTHI cells. Proliferation of T cells was measured by
flow cytometry (left), and the frequency of divided T cells was determined
(right). As a control, isotype antibody conjugated to OVA (iso-OVA) was
applied. One representative experiment of two is shown, each with two
mice per group. *, P < 0.05.

the Database for Annotation, Visualization, and Integrated
Discovery (DAVID; Huang et al., 2009ab) revealed five
clusters with an enrichment score larger than one (Tables S4
and S5). Among those, the second cluster includes 15 lysosomal
proteins, of which 12 showed to be down-regulated, and clusters
three and four are linked to immune response. Clustering
by DAVID is a rough analysis of the data. Nevertheless, the
functional cluster analysis supports the findings that cell
morphogenesis, immune response ability, and lysosomes are
altered in the absence of Cdc42.

Immunofluorescence staining with phalloidin revealed
large numbers of aggregated phalloidin-positive F-actin struc-
tures in Cdc42 ko BMDCs, but not in wt DCs (Fig. 3 B),
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whereas FACS analysis (Fig. 3 B, right) with LAMP-1-specific
mAb confirmed reduced LAMP-1 levels in Cdc42 ko DCs.

As CTSs control MHCII presentation by proteolytic cleav-
age of the Ii CD74 chaperone (Hsing and Rudensky, 2005), we
further verified these results by Western blot analyses and could
confirm the lower content of LAMP-1, CTSS, CTSL, and CTSD
proteins in Cdc42 ko BMDCs (Fig. 3 C). To find out whether
the reduction of lysosomal proteins was caused by a general
lack of lysosomes in Cdc42-deficient DCs, we labeled live cells
with LysoTracker probes (Fig. 3 D). However, Cdc42 ko DCs
showed comparable amounts of lysosomes as determined with
LysoTracker stainings (Fig. 3 D). In late endosomal compart-
ments, CTSs are involved in important processing steps (Hsing
and Rudensky, 2005) that guarantee degradation of Ii to generate
the residual CLIP, which occupies the peptide-binding groove
of MHCII molecules (Neefjes et al., 2011). The CLIP peptide,
in turn, can be exchanged against appropriate Ag peptides for
presentation to CD4 T cells. Because we found CTS proteins
strongly down-regulated in Cdc42 ko cells (Fig. 3, A and B),
we next investigated whether i processing was affected in the
absence of Cdc42. To visualize Ii degradation intermediates, we
used an antibody specific for the cytoplasmic N-terminal part of
Ti (clone In-1) to analyze total cell lysates (TCLs) by Western
blotting (Fig. 3 E). This antibody revealed 41-kD, 31-kD, and
12-kD degradation intermediates of Ii (Fig. 3 E). The 12-kD
i fragment was detectable only at low abundance in wt DCs
(Fig. 3 E), but at much higher levels in Cdc42 DCs (Fig. 3 E). In
several experiments, we could also detect a strong accumulation
of the higher molecular weight isoforms Ii-p41 and Li-p31 in
addition to Ii-p12 (Fig. S2). Such accumulation was not the re-
sult of transcriptional regulation because the total intracellular
amount of [i as detected by intracellular staining and flow cy-
tometry (Fig. 3 F), as well as the amount of [i-mRNA in Cdc42
ko DCs, was unchanged compared with wt DCs (Fig. 3 G). We
therefore concluded that the observed differences in Ii proteins
were caused by differential degradation of Ii protein, possibly
because of reduced CTS contents in the absence of Cdc42.

li-MHCII complexes accumulate on the
surface of Cdc42 ko DCs

Normal turnover of Ii may also include a passage via the plasma
membrane (Wraight et al., 1990; Neefjes et al., 2011). From
there, [i-MHCII complexes are internalized for further trans-
port by AP2- and clathrin-dependent mechanisms to endocytic
compartments, where processing and Ag loading occurs (Du-
gast et al., 2005; McCormick et al., 2005). Because we found
a defect in Ii processing in Cdc42 ko cells, we next assessed
how many surface MHCII molecules were still complexed to
Ii. To this end, we used an antibody (clone 15G4) recogniz-
ing an epitope of Ii bound to MHCII I-A® (Beers et al., 2005).
We performed a FACS analysis and stained for total I-A® and
15G4 at the cell surface of DCs. This analysis revealed that a
higher percentage of immature as well as mature Cdc42 ko DCs
showed highly increased 15G4 surface staining (Fig. 4 A). To

determine how many I-A® molecules were occupied by Ii, we
calculated the ratio of 15G4 to total I-A® (Fig. 4 B). Cdc42 ko
DCs showed approximately twofold higher 15G4/I-AP ratios on
their cell surface than wt DCs, suggesting that Cdc42 ko DCs
express a large fraction of MHCII molecules, where Ii occu-
pies the Ag peptide—binding grooves (Fig. 4 B). Notably, wt
DCs also increased their surface levels of li-complexed MHCII
upon maturation, probably because of LPS stimulation—induced
export of cytoplasmic MHCII compartments (MIICs), which
contain both MHCII-peptide complexes as well as immature
[i-MHCII complexes (Fig. 4, A and B). In contrast, a lack of
Cdc42 allows contents from these compartments to accumu-
late at the cell surface even without additional inflammatory
DC maturation stimuli.

As Cdc42-regulated actin polymerization has also been
suggested to control clathrin-mediated endocytosis (Zhang et
al., 1999; McGavin et al., 2001; Qualmann and Mellor, 2003),
a deficiency in this mechanism might contribute to accumula-
tion of li-MHCII molecules on the DC surface. We therefore
analyzed the capacities of wt or Cdc42 ko DCs to internalize [i—
MHCII molecules (Fig. 4 C). In contrast to wt DCs, Cdc42 ko
DCs internalized the i-MHCII complexes only with low effi-
ciency (Fig. 4 C). This suggests that Cdc42 is not only required
for Ii processing, but also for its internalization. Together, these
defects lead to li-MHCII accumulation on the cell surface of
Cdc42 ko DCs and may contribute to their poor capacity to
stimulate Ag-specific CD4+ OT-II cells (Fig. 1 D).

It has been reported previously that in the Ii, CD74 asso-
ciates with myosin II, a motor protein that binds actin and is
required for DCs to migrate through tissues (Limmermann et
al., 2008). Defective degradation of CD74 can therefore impair
the migratory capacities of DCs via myosin II (Faure-André et
al., 2008). As we have published previously that Cdc42 ko LCs
show defective migratory capacities, we wondered whether the
accumulation of Ii on the surface of Cdc42 ko DCs would lead
to a sequestration of myosin II to the periphery of Cdc42 ko
DCs. Confocal analysis of DCs showed a localization of my-
osin II to the periphery of DCs in ~40% of Cdc42 ko DCs and
1.7% of wt DCs (Fig. 4 D). Collectively, our results suggest
that Cdc42 deficiency leads to accumulations of Ii-MHCII
complexes at the surface of DCs, which are consequently as-
sociated with myosin II.

Actin dynamics are important for efficient

li degradation

To find out whether Cdc42-dependent actin dynamics might
be responsible for accumulation of Ii-MHCII complexes at the
surface of Cdc42 ko DCs, we next studied the consequences of
actin disruption for Ii degradation. To this end, we used latrun-
culin B (LatB) and cytochalasin D (CytD), two different actin
inhibitors that interfere with F-actin polymerization. First, we
analyzed cell surface expression of MHCII and Ii. Both actin
inhibitors LatB and CytD induced surface up-regulation of I-A®
as well as li-I-A® complexes on wt DCs (Fig. 5 A). In contrast,

was added to the cells to evaluate the amount of total lysosomal content and analyzed by flow cytometry. Bar graph shows one representative experiment.
n = 2. (E) BMDC lysates were analyzed by Western blotting using an antibody specific for li (clone In-1) that recognizes a 41- and 31kD isoform as
well as a 12-kD processing intermediate of CD74. Actin was used as a loading control. Bar graph shows a quantification of the Western blotting shown
(n = 2), which was one of more than three experiments with similar outcomes. (F) To determine the total levels of CD74, BMDCs were stained intracellularly
with CD7 4-specific mAb and analyzed by flow cytometry. (G) qPCR was performed using CD7 4-specific primers and cDNA from wt and Cdc42 ko BMDCs.
Relative expression levels of CD74 mRNA are from three combined experiments, each with DCs from a minimum of two mice per group. ns, not significant.
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Figure 4. li-complexed MHCIl accumulates at the cell surface of
Cdc42 ko BMDCs. (A) Steady-state (immature) and LPS+reated (ma-
ture) CD11c* BMDCs were analyzed by flow cytometry for total

surface I-AP and |i bound to I-Ab (15G4). Data shown are from a
single representative experiment out of more than four repeats. For
this experiment, n = 3. (B) MFI values obtained from flow cytom-
etry of A were used to calculate the ratio of li-bound I-:Ab (15G4)
to total surface I-Ab in wt versus Cdc42 ko BMDCs. Graph shows
pooled data from three independent experiments with similar out-
comes. n = 8-9. (C) Internalization of the 15G4 antibody was
measured by detection of the remaining 15G4 antibody at the
indicated times. The graph shows rFl values on CD11c* cells as
percentages of time zero. Data are from two pooled experiments.
n = 4. (D) Cdc42 ko and wt BMDCs were seeded on fibronec-
tin-coated slides, fixed, and stained for myosin Il, -E/A-E, and
nuclei (Drag5). Bar, 10 pm. A total of 225 DCs on 24 slides were
analyzed for the colocalization of MHCII and myosin II. Bar graph
shows the percentage of DCs with peripheral myosin Il localiza-
tion in Cdc42 ko and wt DCs. Error bars represent mean + SEM.
**,P<0.01; ***, P <0.001.
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nocodazole (Noco) and concanamycin B (ConB) did not show
effects on the surface I-A or Ii in DCs (Fig. 5 A), indicating
that neither microtubules nor the proton pump, which regulates
endosomal acidification, play roles during this process. Interest-
ingly, LatB- and CytD-treated wt DCs also up-regulated CD86
(Fig. 5 B), similar to Cdc42 ko DCs (Fig. 1 E). In contrast to LPS-
treated controls, LatB- or CytD-treated DCs did not up-regulate
CD86-specific mRNA (Fig. 5 B), suggesting that CD86 surface
up-regulation by inhibition of the actin cytoskeleton (Fig. 4 B)
or Cdc42 deficiency (Fig. 1 E) occurred independently of de
novo gene transcription. Therefore, the up-regulation of Ili-I-A®
and CD86 on immature DCs can be enforced by a chemical
inhibition of actin dynamics or a deficiency for Cdc42. We fur-
ther confirmed on supernatants from these cultures that LatB
or CytD treatment did not cause functional DC maturation, as
none of the inhibitor-treated DCs produced any inflammatory
cytokines such as IL-12 p70, TNF, IFN-y, MCP-1, IL-10, or
IL-6 (Fig. S3). These findings suggest that the regulation of sur-
face li-I-A® complexes was induced most likely by interference
with actin dynamics and independently from functional DC
maturation, as for example obtained with LPS.

We next compared CTSL and CTSS expression and li
processing in inhibitor-treated BMDCs to investigate a possible
link between Ii processing and actin dynamics. Actin inhibitor
treatment of wt DCs induced a loss of CTSL and CTSS from
DC lysates (Fig. 5 C), similar to what we observed in Cdc42
ko DCs (Fig. 3, A and B). Consequently, an increase of the [i-
pl12 fragment could be found upon actin inhibition with CytD

(Fig. 5 C). In contrast, interrupting the microtubule network by
Noco treatment did not show any effects on li-p12 degradation.
Also, the effects of the V-ATPase—disrupting drug ConB on [i-
p12 degradation was modest as compared with CytD treatment
and did not involve a decrease in cellular CTSS or CTSL levels
(Fig. 5 C). Most likely, altered pH of late endosomes result-
ing from ConB treatment could cause slightly increased Ii-p12
levels because of inefficient activation of cysteine proteases,
which are active only at an acidic pH (Turk et al., 2012). To
clarify whether Cdc42 deficiency induced a complete loss of
cellular proteins, we treated Cdc42 ko DCs with the same in-
hibitors (Fig. S4). LatB- or CytD-treated Cdc42 ko DCs could
further decrease CTSL contents (Fig. S4). As a consequence,
processing of li-p12 was further reduced, resulting in additional
accumulation of li-p12 (Fig. S4). Therefore, although Cdc42
ko caused a strong reduction of CTSL, residual levels of this
enzyme were still present (Fig. 3 C), which could be further
decreased by chemical actin inhibition.

We wondered whether the loss of intracellular levels of
CTS proteins upon treatment of cells with actin inhibitors would
result in their secretion and analyzed supernatants from DC cul-
tures. We found that CTSL was secreted in high amounts upon
LatB and CytD treatment of wt DCs, whereas neither ConB nor
Noco treatment showed similar effects (Fig. 5 D). In contrast,
it was impossible to detect CTSS in the supernatant (not de-
picted), probably because of a relatively low abundance in the
cell and/or protein instability. These findings indicated that in-
hibition of the actin dynamics led to accumulation of cellular
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Figure 5. Actin inhibition in wt BMDCs causes effects similar to Cdc42 deficiency. (A) wt BMDCs were treated with actin inhibitors (LatB and CytD), V-ATPase
inhibitor ConB, or microtubule inhibitor Noco overnight, or left untreated. Total surface I-A® (clone AF6-120.1) and licomplexed I-A® (clone 15G4) were
analyzed by flow cytometry by gating on CD11c* cells. Bar graphs show the ratio of MFI 15G4/total surface I-Ab of one representative experiment out
of three. n = 2. (B) wt BMDCs were treated with inhibitors as mentioned in A, and CD11c* DCs were analyzed for surface expression of 15G4+ li-MHC
Il complexes and CD86. Bar graph shows the results from qPCRs on cDNA prepared from these differentially treated DCs with primers specific for CD86.
Data are from two combined experiments. n = 3. (C) TCLs were analyzed by Western blotting for CTSL, CTSS, and i (clone In-1). Tubulin served as a load-
ing control. Bar graphs show a quantification of protein expression levels from two independent experiments (n = 4) normalized to tubulin. (D) Supernatants
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proteins and enzymes in the supernatants. When total cellular
content of CTSL was compared with the secreted CTSL, we
found enhanced secretion in both CytD-treated wt and untreated
Cdc42 ko DCs (Fig. 5 E). These data suggest that inhibition of
actin dynamics either by chemical inhibitors or by Cdc4?2 defi-
ciency leads to surface up-regulation of Ii-MHCII complexes
and CD86 (Fig. 5 B) and enhanced secretion of mature CTSL
into the culture supernatants (Fig. 5, D and E). The fact that se-
cretion affected predominantly the mature form of CTSL upon
actin inhibition or Cdc42 deficiency (Fig. 5, D and E) suggested
that mostly post-Golgi compartments were secreted, where
mature CTSL but not pro-CTSL forms are present (Katunuma,
2010). To further study chemical inhibition of actin in DCs, we
analyzed the presence of lysosomes and surface expression of
LAMP-1 (Fig. 5 F). Both actin inhibitors LatB and CytD, but
not the other chemical compounds tested, could substantially
decrease the staining with LysoTracker as a marker for lyso-
somal content (Fig. 5 F, left). As a result of such acute actin
inhibition, we could observe a concomitant up-regulation of
LAMP-1 to the cell surface (Fig. 5 F, right).

DCs also secrete exosomes, which are vesicles formed
inside late endocytic compartments such as multivesicular
bodies (Zitvogel et al., 1998). As our experiments had sug-
gested enhanced secretion of proteins by Cdc42 ko DCs, we
wondered whether they would also show increased secretion
of exosomes. We therefore measured the amount of exosomes
secreted by identical numbers of cultured DCs (Fig. 5 G). In-
deed, Cdc42 ko DCs secreted significantly more exosomes
than wt DCs (Fig. 5 G). The protein composition of exosomes
derived from Cdc42 ko DCs mirrored their TCLs with ele-
vated levels of CD74-p41, -p31, and -p12 and reduced CTSL
(Fig. S5). Also, CD9 and MFG-ES, proteins typically en-
riched in exosomes as compared with lysates, were present in
higher amounts (Fig. S5). Collectively, our data indicate that
Cdc42-controlled actin dynamics regulates secretion of proteins
as well as exosomes in DCs.

Discussion

We have previously shown that Cdc42 controls migration of
LCs and dermal DCs to draining lymph nodes (Luckashenak et
al., 2013). The present study aimed at understanding if and how
Cdc42 controls other DC properties such as Ag uptake, presen-
tation, and maturation. Our results suggest a role for Cdc42 in
MHCII loading and trafficking based on three observations:
Cdc42 ko BMDCs showed (1) low levels of the protease CTSS
that conducts the final step of li-p12 processing, (2) an intra-
cellular increase of the smallest degradation intermediate of Ii,
li-p12, and (3) an accumulation of li-bound MHCII and CD86
on the surface. These new findings might also help to explain
migratory deficiencies of Cdc42 ko DCs previously observed
(Luckashenak et al., 2013), as CD74 was identified to associate
with myosin II in DCs and inhibit DC migration (Faure-André

et al., 2008). Therefore, accumulation of Ii as a result of Cdc42
deficiency leads to accumulation of li-bound myosin II in the
periphery of DCs, which acts as a brake for DCs (Lukacs-
Kornek and Turley, 2008). Together, this generated MHCII
molecules, which were preoccupied with Ii at the cell surface
of Cdc42 ko BMDCs. As a consequence, Cdc42-deficient DCs
show a low efficacy of MHCII loading with antigenic peptides,
resulting in inefficient Ag-specific CD4 T cell priming.

Prevention of peptide binding by CLIP-containing Ii
was shown initially in li-deficient mice (Bodmer et al., 1994).
Although Ii blocks access to MHCII for the majority of pep-
tides, some Ag’s can bind to MHCII after translocation into
the endoplasmatic reticulum (Tewari et al., 2005). In addition,
the cytoplasmic tail of Ii contains sorting motives responsi-
ble for directing MHCII molecules to late endosomal MIICs
(Landsverk et al., 2009), either from the trans-Golgi network or
from the plasma membrane (Neefjes et al., 2011). Immature DCs
seem to preferentially use the latter route (Dugast et al., 2005;
McCormick et al., 2005), whereas mature DCs sort MHCII directly
from the trans-Golgi (Santambrogio et al., 2005). Internalization
of l[i-MHCII from the plasma membrane was strongly decreased
in the absence of Cdc42, which, together with enhanced secre-
tory activity of li-MHCII and CD86-containing compartments,
probably contributed to an accumulation of surface i-MHCIL
Internalization of MHCII molecules from the plasma membrane
in immature DCs is regulated by oligoubiquitination of the MHC
II B chain (van Niel et al., 2006). This mechanism depends on
Ii processing, as internalization of MHCII was only observed
after Ii was fully processed by lysosomal proteases (van Niel et
al., 2006). Thus, incomplete processing of li-p12 into CLIP may
prevent the exposure of MHCII-P to the ubiquitination machin-
ery, thereby stabilizing MHCII and [i-MHCII at the cell surface.
Therefore, although we do not have direct evidence, altered ubig-
uitination of MHCII and CD86 might also contribute to the accu-
mulation of the molecules on the cell surface. In addition, it has
been demonstrated that clathrin and the adapter protein AP2 are
involved in [i down-regulation from the cell surface, and inhibition
of clathrin-mediated down-regulation of li-MHCII complexes led
to an increase in surface expression of Ii and a decrease of pep-
tide-loaded MHCII complexes on the surface (McCormick et al.,
2005). Hence, the accumulation of surface MHCII-Ii-p12in Cdc42
ko DCs could also represent a trafficking defect, especially because
Cdc4?2 effector proteins were shown to be associated with clathrin-
mediated endocytosis (Anitei and Hoflack, 2011) and our own
internalization assays revealed a decreased internalization rate of
MHC. Although overall MHCII levels at the cell surface of imma-
ture Cdc42 ko BMDCs were not elevated, we found an increased
proportion of li-MHCII complexes. As chemical actin inhibition
also blocked internalization of MHCII in wt DCs (unpublished
data), both Cdc42 and functional actin dynamics are important
for the internalization of MHCII from the plasma membrane. Our
data suggest that Cdc42 controls Ii transport from the surface to
endosomal compartments, as measured by reduced internaliza-
tion of i-MHCII complexes.

of these samples, including Cdc42 ko culture supernatants, were analyzed by Western blotting. For this purpose, equal amounts of protein were loaded,
and a medium was used as a negative control. Bar graph shows a quantification of protein expression levels from two independent experiments (n = 2-4)
normalized to actin. (E) Bar graphs show fold secretion of total 20-kD CTSL content taking into account intracellular CTSL and extracellular CTSL that was
present in culture supernatants. (F) Bar graphs show MFI of LysoTracker (left) or surface LAMP-1 expression (right) as determined by FACS analysis of wt DCs
treated with various inhibitors as described in A. (G) Bar graph shows the total amount of exosomes secreted by wt versus Cdc42 ko BMDCs normalized
to seeded cell numbers (24 h before exosome purification) from two independent experiments. n = 4. Error bars represent mean = SEM. ns, not significant.

*, P<0.05; **,P<0.01; ***, P<0.001.
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DC maturation results in up-regulation of surface MHC
molecules, co-stimulatory molecules, cytokine, and chemokine
receptors, as well as secretion of cytokines that contribute to
efficient priming of T cells. Loss of Cdc42 has been reported to
decrease the capacity of DCs to form functional DC-T cell syn-
apses because of cytoskeletal defects (Benvenuti et al., 2004) as
well as a deficiency to secrete intracellular stores of IL-12 in a
polarized fashion toward the immunological synapse (Pulecio
et al., 2010). Although DC-T cell contact can be enforced by
appropriate experimental conditions (Benvenuti et al., 2004),
IL-12 release by DCs is a signal promoting full activation and
survival of activated T cells. Our own data confirmed that IL-12
secretion was indeed significantly reduced in Cdc42 ko DCs
(60 = 7.2% of wt; n = 8, **, P < 0.001; unpublished data), as
measured from supernatants of LPS-treated Cdc42 ko BMDCs.
Also, other cytokines were reduced in supernatants of LPS-
treated Cdc42 ko BMDCs (IL-6, 39 = 5.8% of wt and TNEF,
44 + 5.4% of wt; n = 8, *** P < 0.0001; unpublished data).
These results suggest that in Cdc42 ko DCs, multiple path-
ways, including the production and release of inflammatory
cytokines, are defective.

DC maturation is accompanied by substantial rearrange-
ments of the actin cytoskeleton (West et al., 2004), leading to a
shutdown of endocytosis of soluble Ag’s (Garrett et al., 2000)
and an enhanced transport of vesicles to the cell surface. Al-
though human LCs seem to up-regulate Cdc42 activity (Jaksits
et al., 2004), it has been reported that Cdc4?2 activity does not in-
crease in mature DCs (Kamon et al., 2006), but rather gradually
decrease upon DC maturation (Garrett et al., 2000). As a result,
immature DCs with high Cdc42 activity show a high potential
of Ag uptake, whereas mature DCs with lower Cdc42 activity
have low Ag uptake potential to avoid continued uptake of irrel-
evant Ag’s (Garrett et al., 2000). Although some studies showed
different results, as mutant Cdc42-transfected spleen DCs did
not show a significant defect in Ag uptake (West et al., 2000),
our findings in Cdc42 ko DCs confirmed that Cdc42 controls Ag
uptake and are in agreement with previous studies showing that
most pathways of Ag uptake required Cdc42 functions (Garrett
et al., 2000; Shurin et al., 2005a). Our own findings on spleen
DCs from Cdc42 ko mice showed highly significantly reduced
uptake capacities of apoptotic material and weaker, but statis-
tically significant, effects on uptake of soluble OVA (unpub-
lished data). Although the Cdc42 ko efficiency was not 100% in
spleen DCs (Luckashenak et al., 2013), these reductions argue
for Cdc42 control of Ag uptake in both BMDCs and spleen DCs.
Also, other in vivo models of conditional Cdc42-deficient mice
previously showed different efficiencies of Cdc42 deletion de-
pending on the promoter used to drive Cre expression and the
time point of efficient deletion. For example, although CD19-
Cre led to Cdc42 ko B cells with only mild phenotypes (Guo
et al., 2009), the usage of mbICre mice, which leads to more
efficient deletion early during B cell development, had drastic
effects on B cell differentiation and immunity (Burbage et al.,
2015). Also, in B cells, Cdc42 was shown to control polarized
secretion of cellular content for Ag extraction and processing
(Yuseff et al., 2011) and B cell differentiation and immunity
(Guo et al., 2009; Burbage et al., 2015) when efficiently deleted.
However, although the ko efficiency in DCs of lymph nodes
and spleens of CD11cCrexCdc42" was complete on the mRNA
level, we found stable residual Cdc4?2 protein in ex vivo isolated
Cdc42 ko DCs (Luckashenak et al., 2013). This made reliable in
vivo studies in Cdc42 ko DCs in vivo not possible.
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Active Cdc42 controls the integrity of cortical actin,
which has a barrier effect to minimize inadvertent secretion
(Orci et al., 1972). It has been shown previously in other cell
types that secretion of vesicles might require reorganization
of the continuity of the cortical actin network, and that F-actin
disassembly can lead to the presence of aggregates in the cell
periphery and interior and lead to enhanced secretion of cell
contents (Burgoyne et al., 1989). When F-actin levels are low
enough to allow passage of vesicles through the cortical actin,
secretion is enhanced (Wollman and Meyer, 2012). Therefore,
the loss or inactivation of Cdc42 upon DC maturation might
cause such a redistribution of actin, weaken the cortical actin
structure, and allow secretion of intracellular vesicles. We
found up-regulation of [i-MHCII complexes in Cdc42 ko DCs
being enhanced. MHCII molecules in DCs target late endoso-
mal MIICs (Engering et al., 1997; Kleijmeer et al., 1997; Inaba
et al., 2000), and newly formed immunogenic MHCII-peptide
complexes are subsequently transported from there to the cell
surface of DCs (Boes et al., 2002; Chow et al., 2002). Also, the
DC maturation marker CD86 was up-regulated on the surface
of Cdc42 ko DCs. CD86 is transported to the cell surface from
intracellular storage compartments upon DC maturation (Smyth
etal., 1998, 2005). In human DCs, these CD86-containing cyto-
plasmic vesicles are distinct structures different from the Golgi
apparatus, MIICs, or endocytic vesicles (Smyth et al., 2005), in-
dicating that not only MIIC, which contain MHCII, Ii, and CTS
in activated DCs (Lautwein et al., 2002), but also other vesicles
are retained and controlled by cortical actin integrity. Therefore,
the down-regulation of active Cdc42 by maturing DCs (Gar-
rett et al., 2000) might be a key mechanism by DCs to control
the maturation process by (a) stopping of Ag uptake (Garrett et
al., 2000), (b) fast up-regulation of cytoplasmic co-stimulatory
molecules MHCII, and (c) facilitation of cytokine secretion. Ag
uptake by macropinocytosis and secretion are linked in DCs, as
enhanced macropinocytosis is accompanied by enhanced exo-
cytosis of endocytic vesicles to prevent overload of cells with
macropinosomes (Falcone et al., 2006). We found that Cdc42
deficiency induced both, decelerated micropinocytosis, and
enhanced exosome secretion. However, it is currently unclear
to what extent defective cortical actin or other factors are re-
sponsible for enhanced exosome secretion by Cdc42 ko DCs.
We also found in the proteome screen Rab27a, a regulator of
exocytosis being increased (Tables S1 and S5), which might
enhance exocytosis. Therefore, the loss of active Cdc42 in ma-
ture DCs might also contribute to enhanced exosome secretion.
Inhibition of Cdc42 function in P-pancreas cells by glucose
also induced the loss of cortical actin and exocytosis of gran-
ules (Nevins and Thurmond, 2003). As observed recently by
superresolution microscopy, the cortical action mesh also opens
up specific holes in natural killer cells to facilitate secretion of
granules (Brown et al., 2011).

Although our proteomic analysis of Cdc42 ko DCs was
performed with lysate from whole DCs and not with purified
lysosomes, the cumulative change in lysosomal contents argue
that the lysosomal/late endosomal compartment was specifi-
cally affected by the Cdc42 deficiency. As most of the contribu-
tions of Cdc42 on cell surface dynamics and vesicle trafficking
include actin polymerization as a downstream signaling event
(de Curtis and Meldolesi, 2012), the finding that chemical inhi-
bition of the actin cytoskeleton could mimic defects of Cdc42
ko DCs was not surprising. These data suggest that Cdc42 con-
trols cellular protein contents, lysosomal integrity, and MHCII



loading by controlling actin dynamics. However, actin polymer-
ization might be a dynamic process regulated by multiple other
proteins as well. Therefore, Cdc42 deficiency does not lead to
complete loss of proteins such as CTSL, the levels of which can
be further decreased by chemical actin inhibition.

Most enzymes are to some extent secreted routinely as
newly synthesized proenzymes (Gonzalez-Noriega et al., 1980;
Hasilik and Neufeld, 1980), the majority of which still con-
tain the mannose-6-phosphate recognition marker. This label
allows subsequent uptake back into the cells via surface man-
nose-6-phosphate receptors (von Figura and Hasilik, 1986; Korn-
feld, 1987). However, Cdc42 ko DCs secreted approximately
three times more of the mature 20-kD CTSL protein as compared
with wt DCs, but not its 37-kD precursor. This suggests that the
proenzyme had entered the endocytic system before secretion in
Cdc42 ko DCs, matured upon acidification of the vesicle, and
was finally secreted from late endocytic compartments. Such
enhanced secretion of lysosomal contents caused by a loss of
Cdc42 in DCs was unexpected; as in other cell types, inhibition
of Cdc42 has been shown to block exocytosis and secretion of
vesicles, but not the opposite. For example, Cdc4?2 facilitates neu-
rosecretory responses in neuroendocrine cells (Ory and Gasman,
2011) and exocytosis of membrane vesicles during neurite out-
growth in hippocampal neurons (Alberts et al., 2006). Cdc42 and
other RhoGTPases control the cytoskeleton during the last step
of secretory exocytosis, the discharge process. Here, in a Cdc42-
dependent fashion, a thick actin layer assembles around fused
vesicles, the contents of which are squeezed out of the cell. In-
hibition of such a process leads to recycling by endocytosis
(Nightingale et al., 2011, 2012), but not to increased secretion.
According to these studies, the loss of Cdc42 function would
rather reduce secretion than enhance it, at least in certain cell
types. Although our study suggests a preferential loss of lyso-
somal proteins, we cannot formally exclude that eventually other
proteins or even newly synthesized proteins are secreted as well.
Additional studies are necessary to investigate the whole array
of effects controlled by Cdc42. As many RhoGTPases show dis-
tinct functions in different cell types, it is possible that Cdc42 also
has distinct functions during secretory processes in different cell
types. In addition, the distinct secretory vesicles in neurons and
DCs might require distinct modes of actin regulation by Cdc42
for efficient secretion.

Collectively, our findings suggest that Cdc42 controls
several hallmarks of DC biology and function and regulates
DC maturation.

Materials and methods

Mice

Cdc42™*-Cre mice (termed Cdc42 ko) were generated by crossing mice
homozygous for the Cdc42 floxed allele (Cdc42 mice; Wu et al.,
2006) with mice heterozygous for the Cdc42 floxed allele, and addi-
tionally harboring the Itgax-cre (Cdl1c-Cre) BAC transgene express-
ing Cre recombinase under the control of the CD11c promoter (Caton
et al., 2007). OT-II transgenic mice express the mouse o chain and f
chain T cell receptor cDNA that is specific for chicken OVA;,; 559 in the
context of I-AP (Barnden et al., 1998). C57BL/6 CD45.1* mice were
originally obtained from The Jackson Laboratory. Mice were bred and
maintained in a conventional facility at the Institute for Immunology
(Munich, Germany) and used according to protocols approved by the
local animal ethics committee.

Antibodies

For Western blotting, i protein was detected using a rat anti-mouse
CD74-specific mAb clone In-1 (BD) followed by anti—rat HRP (The
Jackson Laboratory). Purified rat anti-CD107a (Biozol), goat anti-
CTSS (Acris), and goat anti-CTSD and -CTSL (R&D Systems) an-
tibodies were also used. For FACS analysis, I-Ab was detected using
mouse anti-MHCII clone AF6-120.1 Alexa Fluor 647 (BD). MHCII
bound to Ii was stained using mouse clone 15G4 FITC (Santa Cruz
Biotechnology, Inc.). Intracellular LAMP-1 was detected using anti—
CD107a-FITC or —CD107a-PE (mouse clone 1D4B; BD). CD11c was
stained using Armenian hamster mAb clone N418 (eBiosciences).

DC culture and inhibitors

Primary cultures of immature DCs were generated by culturing bone
marrow cells isolated from the femurs and tibiae of mice for 10-14
d in Iscove’s modified Dulbecco's medium (IMDM; Sigma-Aldrich)
containing 20 ng/ml granulocyte-macrophage colony stimulating fac-
tor. IMDM was further supplemented with 2 mM glutamine (Gibco),
100 U/ml penicillin, 100 pg/ml streptomycin (both PAN/Biotech), and
10% FCS (Gibco; EU Approved Origin), referred to as complete me-
dium. Actin polymerization was inhibited by culturing wt BMDCs at
days 10-12 of culture with 0.4 pg/ml LatB (EMD Millipore) or 10 pg/
ml CytD (Sigma-Aldrich) overnight. Noco (Sigma-Aldrich) and ConB
(Enzo Life Sciences) were added at 30 uM and 2 nM, respectively.
Cells were analyzed the next day by flow cytometry. LysoTracker green
DND-26 (Invitrogen) was added to the cultures at 50 nM and allowed
to incorporate into lysosomes for 2 h.

Ag uptake

Immature BMDCs were harvested, resuspended at a concentration of
10° cells/ml in serum-free IMDM containing Alexa Fluor 647 OVA
(Molecular Probes), and then incubated at 4°C or 37°C for 20 min. The
reaction was stopped by washing the cells four times in ice-cold FACS
buffer. Cells were then stained and analyzed by flow cytometry. Alexa
OVA was titrated to visualize how much OVA was taken up by cells that
were used for a T cell proliferation assay. BMDCs at day 13 of culture
were incubated with various concentrations of Alexa Fluor 647 OVA
for 3 h and then stimulated with 1 pg/ml LPS overnight. Cells were then
stained and analyzed by flow cytometry.

T cell proliferation assay
BMDC:s at day 13 of culture were pulsed with the indicated concentra-
tions of peptide-free OVA grade VII (Sigma-Aldrich) for 3 h followed
by overnight stimulation with 1 pg/ml LPS. OT-II T cells were iso-
lated and purified as follows. Spleen and lymph nodes were harvested,
and a single cell suspension was prepared. RBCs were lysed by treat-
ment with lysis buffer (0.15 M NH,Cl, 1 mM KHCO;, and 0.1 mM
Na,EDTA, pH 7.4) for 5 min. OT-II or BALB/c T cells were enriched
by negative selection using T cell isolation kits according to the manu-
facturer’s instructions (Miltenyi Biotec). Enriched T cells were labeled
with 2.5 uM carboxyfluorescein succinimidyl ester (CFSE; Molecular
Probes) in PBS containing 0.03% FCS at 37°C for 10 min. Cells were
co-cultured at a DC/T cell ratio of 1:20 for 3 d in round-bottom 96-well
plates to enforce physical interaction of DCs and T cells, as previously
published for other GTPase-deficient DCs (Benvenuti et al., 2004).
T cell proliferation was analyzed by flow cytometry as CFSE dilution.
For peptide presentation, BMDCs were stimulated overnight with
1 pug/ml LPS and then incubated with the indicated concentrations of SII
NFEKL or OVA3,; 339 peptide (NeoMPS) for 3 h at 37°C and 5% CO.,.
BMDC:s were then washed three times with PBS to remove unbound pep-
tide and co-cultured with T cells at the indicated DC/T cell ratios for 4 d.
T cell proliferation was analyzed by flow cytometry as CFSE dilution.
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Quantitative proteomics

Quantitative proteomics was performed for two biological replicates.
Sample preparation for mass spectrometry was done as described
previously (Wisniewski et al., 2009b). In brief, 20 x 10° cells were
lysed. Lysates were centrifuged at 10,000 g to remove insoluble
cellular debris. Upon addition of five volumes of 8-M urea, one fifth
of the cell lysate was subjected to filter-aided sample preparation with
LysC and trypsin (Promega; Wisniewski et al., 2009a) and fractionated
into five fractions (pH 3, 5, 6, 8, and 11) using StageTip-based SAX
fractionation (Wisniewski et al., 2009a). Fractions were measured on
a liquid chromatography/tandem mass spectrometry set-up coupling a
Proxeon Easy nLCII (Thermo Fisher Scientific) with in-house packed
15-cm columns (75-pm internal diameter; ReproSil-Pur 120 C18-AQ,
2.4 pm; Dr. Maisch HPLC GmbH) to a mass spectrometer (LTQ
Velos Orbitrap; Thermo Fisher Scientific). Peptides were separated
using a 192-min binary gradient of acetonitrile in water and 0.1%
formic acid at a flow rate of 300 nl/min. A TOP14 method was used
for data-dependent peptide fragmentation. Data analysis, including
label-free quantification, was performed using the MaxQuant software
suite (version 1.5.2.8). Protein identification was performed with the
integrated Andromeda algorithm searching a reviewed mouse database
of UniProtalso including isoforms (downloaded January 9, 2015; 24,732
entries) using standard settings of MaxQuant (Cox and Mann, 2008;
Cox etal., 2011). The false discovery rate for peptide spectrum matches
and proteins was adjusted to 1% by using a target and decoy strategy
(reverse concatenated database). Two unique peptides per protein were
required for label-free quantification. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org; Vizcaino et al., 2014) via the
PRIDE partner repository with the dataset identifier PXD001934.

DAVID clustering

Proteins that were found to be changed at least 1.5-fold in both repli-
cates of the iquid chromatography/tandem mass spectrometry—based
quantification (304) were subjected to functional annotation clustering
by DAVID (Huang et al., 2009a,b). All proteins that were quantified in
both replicates were used as background (2,897). Clustering was per-
formed with the GO terms for cellular component, biological process,
and molecular function (GOTERM_CC_FAT, GOTERM_BP_FAT,
GOTERM_MF_FAT). The highest classification stringency was used.

Western blot

Proteins were separated by SDS-PAGE (12%). TCLs and superna-
tants were quantified using the Quant-iT Protein Assay kit (Molecular
Probes). Equal amounts of TCLs and supernatants were loaded onto
12% SDS gels, and for TCLs, actin or tubulin was used as a loading
control. After transferring to a nitrocellulose membrane, proteins were
incubated with primary antibodies, washed, and incubated with sec-
ondary HRP-labeled antibodies. Then, membranes were visualized
using luminescent substrate ECL (GE Healthcare). Western blot bands
were quantified using ImageJ software (National Institutes of Health).

Confocal microscopy

BMDCs were seeded on poly-L-lysine—coated 12-mm round coverslips
(BioCoat; BD) at a concentration of 10° cells/ml, allowed to settle for
1 h at 4°C, and then fixed for 5 min using 4% PFA, pH 7.4. After per-
meabilization with 0.1% saponin (Sigma-Aldrich), cells were stained
with phalloidin—Alexa Fluor 488 (Invitrogen) and Draq5 (eBioscience).
For analysis of podosomes, BMDCs were seeded on fibronectin-coated
(Sigma-Aldrich) 8-well chamber slides (Lab-Tek) at a concentration of
4 x 10° cells/ml, allowed to settle for the indicated time with or without
10 ng/ml LPS at 37°C, and fixed with 4% PFA, pH 7.4. After per-
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meabilization with 0.3% Triton X-100/PBS and 10% FCS, cells were
stained with phalloidin—Alexa Fluor 488 (1:400; Invitrogen) and Draq5
(1:500; eBioscience) for 2 h at RT. For staining the colocalization of
MHCII and myosin, we incubated BMDCs in media for 60 min on
fibronectin-coated slides and fixed and stained them with Myosin2a
(1:200; Cell Signaling Technology) and with I-E/A-E (FITC; clone
M5/114; 1:400; BioLegend) at 4°C. The staining with Draq5 and goat
anti-rabbit Alexa Fluor 568 (1:500; Invitrogen) followed for 2 h at
RT. Coverslips were mounted on a glass slide using Fluoromount-G
(SouthernBiotech) and analyzed by confocal microscopy on a confo-
cal microscope (TCS SP5; Leica). Images were acquired at RT with a
40x 1.25 objective; image pixel size was 97.3 nm. The following color
channels were used: green (488-nm excitation; 450-490-nm emission),
red (568-nm excitation; 490-545-nm emission), and deep red (647-nm
excitation; 640-750-nm emission). Recording was sequentially per-
formed to avoid bleed-through. For podosome analysis, confocal
images were taken at the cell-fibronectin interphase. Every confocal
image was taken as one stack with fixed exposure times for both wt and
Cdc42 ko samples. Images were analyzed by ImageJ software using the
“bio-formats importer” plugin to open LIF files. Overlays were shown
as TIFF files and transferred to Illustrator (Adobe).

mRNA isolation, reverse transcription qPCR, and primers

RNA was isolated from BMDCs using the RNeasy kit (QIAGEN) ac-
cording to manufacturer’s instructions, including a DNase-I on column
digestion. cDNA was synthesized using the Superscript VILO cDNA
Synthesis kit (Invitrogen), and gPCR was performed using the Univer-
sal ProbeLibrary mouse set (Roche). Primer sequences were designed
by the Universal ProbeLibrary Assay Design Center (Roche) and were
as follows: Cdc42, 5'-ACAACAAACAAATTCCCATCG-3" and 5'-
TTGCCCTGCAGTATCAAAAA-3’; CD86, 5'-CCTCCAAACCTCT
CAATTTCAC-3" and 5'-GGAGGGCCACAGTAACTGAA-3’; CD40,
5'-GAGTCAGACTAATGTCATCTGTGGTT-3" and 5'-ACCCCGAA
AATGGTGATG-3’; and CD74, 5'-CACCGAGGCTCCACCTAA-
3" and 5'-GCAGGGATGTGGCTGACT-3'. The reactions were per-
formed on a CFX96 Real Time System and C1000 Thermal Cycler
(Bio-Rad Laboratories).

Exosomes

The collection medium was complete medium previously cleared from
contaminating exosomes by overnight ultracentrifugation at 100,000 g
using a 70.1 TI rotor (Beckman Coulter). After 24 h, BMDC super-
natants containing exosomes were collected, passed over a 0.2-um
filter to remove dead cells and debris, and centrifuged at 100,000 g
for 70 min using a swinging bucket rotor (SW28; Beckman Coulter).
The exosome pellet was washed three times in PBS followed by ultra-
centrifugation, resuspended in a small volume of PBS, and stored at
—80°C. The protein concentration in BMDC TCLs and exosomes was
quantified using the Quant-iT Protein Assay kit (Molecular Probes)
and subjected to Western blot analysis, in which 7.5 pg of protein
was loaded onto each lane.

Internalization assays

Surface Ii bound to I-Ab was stained at 4°C using purified anti-mouse
15G4 mAb. Unbound antibody was removed, and cells were allowed
to internalize surface proteins at 37°C and 5% CO,. At the indicated
times, cells were transferred to 4°C and remaining 15G4 at the cell
surface was stained using allophycocyanin rat anti-mouse IgG1 (BD).
Cells were analyzed by flow cytometry, and relative fluorescence
intensity (rFI) values of CD11c* cells were calculated using the fol-
lowing equation: rFI = [MFI (specific antibody) — MFI (isotype con-
trol)]/MFI (isotype control).



Statistical analysis

Statistical differences between the experimental groups were de-
termined by Student’s two-tailed ¢ test. P-values of <0.05 were con-
sidered to be significant.

Online supplemental material

Fig. S1 shows defective Ag uptake and priming by Cdc42 ko DCs. Fig.
S2 shows Western blot analyses of wt and Cdc42 ko DCs for CD74
and CTSD. Fig. S3 shows that treatment with actin inhibitors does not
induce functional maturation of DCs to produce cytokines. Fig. S4
shows that the phenotype of Cdc42 ko DCs can be further enhanced
by chemical inhibition of actin inhibitors. Fig. S5 shows analysis of
exosomes by Western blot. Table S1 contains GO term analysis cellular
component lysosome (GO:0005764). Table S2 shows the GO term
Molecular Function Actin binding proteins (GO:0003779) analysis.
Table S3 shows GO term Molecular Function Microtubule binding
proteins (GO:0008017). Table S4 contains proteins that showed >1.5-
fold regulation in both replicates for loading to DAVID for functional
annotation clustering. Table S5 shows a list of proteins in annotation
clusters with an enrichment score >1 from DAVID functional
annotation analysis. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201503128.DC1.
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