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The adaptive immune response depends on dendritic cell (DC)
activation by microbial products that signal via pattern recognition
receptors and activate mitogen-activated protein kinases, NFxB
and PI3K. The contribution of the AGC kinase family, including
protein kinase B, protein kinase C, p90kDa ribosomal S6 kinase,
and S6 kinase, has been little investigated because the probable
redundancy among their isoforms makes their study difficult. We
took advantage of the fact that all these kinases are regulated by
the upstream master kinase 3-phosphoinositide-dependent kinase
1 (PDK1). Here we analyze various properties of DC from mice
expressing ~10% of normal PDK1 (PDK1%~). DC populations in
lymphoid and nonlymphoid tissues appeared normal in PDK1%/~
mice, and some in vitro responses to lipopolysaccharide (LPS) such
as cytokine production were normal in cultured bone marrow DC.
However, LPS-induced expression of class II major histocompati-
bility complex and CD86 were elevated in PDK1%~ BMDC and
PDK1%~ spleen DC produced more interleukin-10 and -12, imply-
ing an attenuating role for PDK1. Unexpectedly, PDK1"~ DC had
a significantly reduced capacity for LPS-stimulated macropinocy-
tosis and phagocytosis that correlated with a lowered F-actin/G-
actin ratio, apparently because of increased actin depolymeriza-
tion. Several PDK1-regulated kinases, some of which feed into
actin regulators, showed reduced activation in PDK1%~ DC. Rein-
troduction of PDK1 restored S6 kinase activity, increased levels of
F-actin, and boosted macropinocytosis thus linking PDK1 and its
downstream effectors to the unusual phenotype of PDK1Y~ DC.

In dendritic cells (DC),? the recognition of pathogen-derived
products induces a maturation program that will enable them,
by presenting antigen to T lymphocytes, to initiate the adaptive
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immune response. This crucial process involves a transient
increase in antigen uptake and processing, the production of
cytokines, the migration from the site of infection to the sec-
ondary lymphoid organs, antigen presentation, and up-regula-
tion of class I MHC, as well as co-stimulatory molecules such
as CD40 and CD86/80 (1—4). These events are regulated by
complex signaling pathways downstream of pattern recogni-
tion receptors, such as Toll-like receptors (TLR). Whereas the
role of mitogen-activated protein kinases, NF«B, and interferon
regulatory factors (IRFs) in regulating the different aspects of
DC maturation, especially cytokine production, is under inves-
tigation (5, 6), there is still little information on the function of
the Ser/Thr AGC kinases in DC activation by TLRs.

The Ser/Thr AGC family of protein kinases contains more
than 50 members including enzymes such as Akt/PKB and PKC
(7, 8). Studies performed in macrophages, neutrophils, and T
and B lymphocytes showed that these kinases, once activated by
extracellular stimuli, control a broad range of processes such as
cell survival, gene transcription, migration, actin cytoskeleton
rearrangement, and phagocytosis (reviewed in Ref. 8—15). In DC,
most of these processes are modulated by TLR signaling (3—6,
16-19), but to date, the role of AGC kinases has been investigated
only in the context of cytokine production. For instance, PKCe has
been shown to regulate IL-12 production (20), whereas GSK3, a
downstream effector of Akt/PKB, controlled the balance between
pro- and anti-inflammatory cytokines (21, 22).

One difficulty in studying AGC Ser/Thr kinases is the pres-
ence of many different isoforms, for instance there are 11 PKC
isoforms (23) and three PKB isoforms (8). Therefore, deletion
or inhibition of a single isoform could miss or underestimate
the role of a particular kinase. To circumvent this problem, we
took advantage of the fact that several members of the AGC
kinases such as PKB, PKC, PRK1, RSK, S6K, and SGK require an
upstream activatory “master” kinase, named PDK1 (7). There-
fore, by manipulating PDK1 expression, we were able to have a
more general view of the role of AGC kinases in DC functions.

Phosphoinositide-dependent protein kinase-1 (PDK1) is
itself a member of the AGC kinase family and consists of a
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kinase domain, a hydrophobic pocket (known as the PDK1-
interacting fragment (PIF) pocket) involved in substrate recog-
nition, and a PH domain specific for phosphatidylinositol
(3,4,5) triphosphate (PtdIns(3,4,5)P;) and phosphatidylinositol
(3,4) biphosphate (PtdIns(3,4)P,) (24, 25). PDK1 activates its
target kinases through the phosphorylation of their T loop.
Under basal conditions, PDK1 exists in an active, phosphoryl-
ated form. Because this characteristic could result in a noncon-
trolled activation of the substrates, PDK1 recognizes its targets
only when they are phosphorylated at a Ser/Thr residue in a
hydrophobic motif. This preactivation step is achieved by stim-
ulation with extracellular agonists. For example, PKB requires
prior phosphorylation by mTor/rictor together with its binding
to PtdIns(3,4,5)P; (26), whereas RSK isoforms need prior phos-
phorylation by Erk1/2 (27) to become activated by PDKI1. In
contrast with RSK and PKB, PKC isoforms are constitutive tar-
gets of PDK1. Indeed, phosphorylation by PDK1 stabilizes their
conformation after synthesis (28, 29).

In the past few years, the crucial role of PDK1 in embryo
development (30) as well as in the normal functions of the liver
(31) and the heart (32) have been well studied using specific
tissue deletion in mice. Recently, several studies have addressed
the role of PDK1 in T lymphocytes. Hinton et al. (33) showed
that, in vivo, PDK1 was required for the transition from the
DN to the DP stages during thymocytes development. Using in
vitro models, Nirula et al. (34) showed that PDK1 was involved in
the production of IL-4 by Th2 cells. Here we investigate whether
PDK1 and its AGC kinase substrates were involved in different
aspects of DC behavior. To perform this study, we took advan-
tage of the fact that although the loss of PDK1 is embryonic
lethal, mice expressing only 10% of PDK1 activity are viable (30).
The analysis of DC derived from these mice showed that despite
normal development of DC in vivo, several aspects of their in vitro
biology were disturbed. These included abnormal cytokine pro-
duction by spleen-derived DCs and defects in both phagocytic
function and TLR-induced macropinocytosis. The latter defects
appeared to be due to reduced levels of polymerized actin in DC
that could be due to the fact that several AGC kinase substrates of
PDK1 are weakly activated by TLR stimuli. Our results have high-
lighted the importance of the fine tuning/balance of AGC kinase
activity in controlling different aspects of DC biology.

EXPERIMENTAL PROCEDURES

Mice and Cell Culture—Wild type, PDK1"/" and PDK1 /"
mice in either C57BL/6 (backcrossed for at least five genera-
tions into C57BL/6) or in mixed C57BL/6 X Balb/c back-
grounds were described previously (30). Briefly, the PDK1"
allele in PDK1 """ and PDK1 /" mice has a neomycin resistance
gene in the intron between exons 2 and 3. This allele is not
expressed effectively resulting in a 80 -90% decrease of PDK1
expression in several PDK1"~ tissues (supplemental Fig. S1).
For each experiment, age- and sex-matched wild type or
PDK1""" mice were used as littermate controls for PDK1 /%,
All of the mice were housed and maintained according to
appropriate national and institutional guidelines. Dendritic
cells were expanded from either mouse spleen (SDC) or bone
marrow (BMDC) using complete RPMI supplemented with 10
ng/ml recombinant granulocyte macrophate-colony-stimulat-
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ing factor (Peprotech) and 1 ng/ml transforming growth factor
B (R & D Systems) or 10 ng/ml recombinant granulocyte mac-
rophate-colony-stimulating factor, respectively, as described in
Ref. 18. Unless otherwise stated, the experiments were per-
formed in complete RPMI with 5% fetal calf serum without
cytokines. The 5B12 T cell hybridoma specific for tetanus toxin
C-fragment (TTFC) antigen was cultured as described in Ref.
35.CD4™ T cells specific for ovalbumin peptide 323-339 were
purified using the CD4™ T cell isolation kit from Miltenyi (neg-
ative selection) from the spleen of OT-II mice (provided by P.
Crocker, University of Dundee).

FACS Analysis of Surface Markers—Spleen, lymph nodes,
and lungs were cut into pieces and digested in RPMI with 1
mg/ml collagenase A and 200 pg/ml DNase I (Roche) for 30
min at 37 °C. Tissues were disaggregated through a 70-um fil-
ter, red blood cells were lysed, and the cells were co-stained
with APC- or PE-labeled anti-CD11c and either PE-labeled
anti-CD4, FITC-labeled anti-CD8, APC-labeled anti-CD11b,
and PE-labeled anti-CD45RA (BD biosciences), and the fluo-
rescence was analyzed on a FACS Calibur (BD Biosciences).
The epidermal sheets were prepared from ears. The ears were
split in two, and each half was incubated for 1 h in PBS with 20
mM EDTA at 37 °C to allow the separation of the epidermis
from the dermis. Epidermal sheets were fixed in 4% paraform-
aldehyde for 30 min and then blocked with 1% bovine serum
albumin for 30 min. The sheets were permeabilized with 0.3%
Triton X-100 and then stained with anti-class I MHC (M5/114,
ATCC) followed by Alexa 594 donkey anti-rat Ab (Molecular
Probes). The images were collected on a LSM 510 microscope
(Zeiss). To measure up-regulation of class Il MHC and co-stim-
ulatory molecules, DC were either untreated or stimulated for
24 h with 50 ng/ml LPS and then co-stained with APC-labeled
anti-CD11c and either PE-labeled antibodies against CD40,
CD86 or CD54 Abs (Southern Biotech) or anti-class [l MHC Ab
followed by PE labeled goat anti-rat IgG Abs (Southern Bio-
tech). The fluorescence was analyzed by FACS.

Cytokine Production—Five X 10* BMDC or SDC were either
untreated or stimulated with 50 ng/ml LPS for 1, 3, 6, or 12 h at
37 °C in a 96-well plate. IL-6, tumor necrosis factor «, IL-10,
IL-12,and IL-1 productions were measured by enzyme-linked
immunosorbent assay using a cytokine 10-plex bead kit from
BioSource according to the manufacturer’s instructions
(Invitrogen).

Microscopy and Flow Cytometry Staining of F- and G-Actin—
The cells were fixed with 4% paraformaldehyde, stained with
0.5 pg/ml TRITC-phalloidin (Sigma), and analyzed on a
LSM510 microscope as described in Ref. 18. For flow cytometry
analysis of actin content, 2 X 10° DC were plated in 48-well
plate for 1 h at 37 °C. After fixation with 4% paraformaldehyde,
the cells were stained with PE-labeled anti-CD11c Ab, then
permeabilized with 0.2% Triton X-100, and stained with 5
pg/ml FITC-DNase I and phalloidin Alexa 633 (1:100) (Molec-
ular Probes, Invitrogen). The G-actin/F-actin ratio was calcu-
lated using the median fluorescent intensity measured by FACS
on the CD11c-positive cell population.

DC plated as above were treated with 2 um latrunculin A
(Calbiochem) for 20 min at 37 °C. After two washes with warm
RPMI, the cells were incubated for 5, 15, and 30 min either in
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complete RPMI or in fetal calf serum-free medium with or
without calcium at 37°C, then fixed, and stained with
Alexa633-phalloidin as described above.

Dextran Uptake—Dextran uptake was performed as
described previously (18). Briefly, 2 X 10° DC were either
untreated or stimulated with 50 ng/ml LPS (Calbiochem), 5
pg/ml CpG (OD1668, MWG), or 50 ng/ml Pam3CSK (EMC
Microcollections) for the indicated period of time, and then 1
mg/ml FITC or (in the case of retrovirally infected, GFP-posi-
tive cells) Alexa 633 dextran (Invitrogen) was added for 10 min
at 37 °C. The cells were washed four times at 4 °C with PBS/
0.2% fetal calf serum, stained with APC- or PE-labeled anti-
CD11c Abs, and analyzed by FACS. Note that Alexa 633-dex-
tran bound to the cell surface to a greater extent than FITC-
dextran partially masking LPS-stimulated endocytosis, which
was reduced under these conditions to an apparent value of
1.5-2-fold in wild type cells and less in PDK1 /" cells.

T Cell Assays—Wild type, PDK1 /", and PDK1 /" BMDC or
SDC (5 X 10°) were pulsed with the indicated concentrations of
either ovalbumin (Worthington Biochemical Corporation) or
TTEC (35) for 40 min in presence of 50 ng/ml LPS. After three
washes, 5 X 10° 5B12 T cell hybridomas or OT-II T cells were
added to a final volume of 200 ul of complete RPMI in 96-well
plates. After 24 h, the supernatants were collected, and the
amount of [L-2 was measured by enzyme-linked immunosorbent
assay using the IL-2 OptEIA kit (BD Biosciences). In other exper-
iments, DC were stimulated for 24 h with 50 ng/ml LPS at 37 °C
and then pulsed with TTFC peptide 900-915 (35) or ova peptide
323-339 (Bachem) for 3 h at 37 °C before the addition of T cells.

Red Blood Cell Phagocytosis—Sheep red blood cells (RBC, 10®
cells) (Diagnostics Scotland) were opsonized with rabbit anti-
sheep IgG (1:50; Harlan Sera-Lab) for 45 min at 37 °C in 500 ul
of RPMI-Hepes and then labeled with 0.5 um CESE (Molecular
Probes) for 15 min at 37 °C. RBC were washed with RPMI-
Hepes once and added at a 40:1 ratio to 2.5 X 10° DC previously
plated in 24-well plates. The plate was centrifuged for 1 min at
500 X gat 37 °C and then cells incubated for 10 or 25 min at
37 °C. After two washes with RPMI, excess extracellular RBC
were lysed in RBC lysis buffer (Sigma) for 1 min at room tem-
perature, and then cells were washed again twice. DCs were
harvested with 5 mm EDTA/PBS and stained at 4 °C with APC-
labeled anti-CD11c Abs, and CFSE fluorescence reflecting RBC
uptake DC was measured by FACS. The results are expressed
either as median fluorescent value (MFI) or as the percentage of
CD1l1c" cells that are CFSE-positive. RBC phagocytosis was
also assessed by microscopy after fixation and staining with
TRITC-phalloidin as described above.

Cell Lysis and Immunoblot—SDC (10° cells) were either
untreated or treated with 50 ng/ml LPS for 30 min at 37 °C in
6-well plates, harvested from the wells, and lysed in SDS sample
buffer. Equal amounts of proteins (10-20 ug) were loaded on
SDS-PAGE gels, transferred to nitrocellulose, and immuno-
blotted with the following antibodies against: RSK2, Erk1/2,
WASP (Santa Cruz Biotechnology), cofilin, PDK1 (Cell Signal-
ing), Arp3 (kind gift of M. Welch, UC Berkeley, CA), and actin
(ICN). Phospho-specific antibodies against RSK S227 (R & D
Systems) and p42/44 (Erk1/2), p38, cofilin S3, PKB T308, and
GSK3a/B S9/21 were purchased from Cell Signaling. For some
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experiments, secondary antibodies coupled to IRDye800 (LI-
COR Biosciences) or to Alexa 680 (Molecular Probes) were
used and detected by LI-COR Odyssey infrared detection sys-
tem (Rockland). Band intensity was quantitated using LI-COR
software.

Flow Cytometry Analysis of S6 Phosphorylation—PDK1" " or
PDK1%~ SDC or BMDC (2 X 10°) were untreated or stimu-
lated with 50 ng/ml LPS for 30 min at 37 °C. The cells were
stained on ice with APC-labeled anti-CD11c abs. After wash-
ing, the cells were fixed in 0.5% paraformaldehyde for 15 min at
37 °C and then permeabilized with 90% cold methanol on ice
for 15 min. After blocking with 1% bovine serum albumin in
PBS, the cells were stained with anti-phospho-S6 abs (Cell Sig-
naling) followed by goat anti-Rabbit PE abs (Jackson Immu-
noresearch) and then analyzed by FACS (33). The MFI was
measured on CD11c™ -gated cells.

[Ca”" ], Measurement—SDC (2 X 10°) were labeled with 5
uM Indo-1 (Invitrogen) for 45 min at 37 °C and then washed.
Calcium flux in DC was recorded for 2 min on a LSR machine
(BD biosciences). After 30 s 100 ng/ml MIP1« (Peprotech)
was added. Emission was measured at 405 and 525 nm. The
405/525 ratio gives a measure of [Ca®"]; increase in stimu-
lated cells.

Retroviral Constructs and BMDC Retroviral Infection—
Moloney murine leukemia virus-based pBMN-IRES-GFP ret-
roviral vector was provided by G. Nolan (Stanford). Mouse
PDK1 cDNA was isolated from pME18-FL3 vector (provided by
D. Alessi, University of Dundee) and cloned into the EcoRI and
NotlI sites of pPBMN-I-GFP by Advantagen Ltd., (Dundee, UK).
The virus was produced by transfecting Phoenix Eco 293T
packaging cell line as previously described in Ref. 18. Viral
supernatant was concentrated five times in a Beckman centri-
fuge (rotor JA 25.50) at 20,000 X gat 4 °C for 4 h. BMDC were
infected at days 2 and 3 with viral supernatant supplemented
with 8 ug/ml polybrene as described in Ref. 18. The cells were
used after 8 days. GFP expression was assessed by flow cytom-
etry. To assess PDK1 overexpression, BMDC were lysed, and
equal amounts were loaded on a SDS-PAGE gel. After transfer,
the nitrocellulose membrane was immunoblotted with anti-
PDK1 Ab.

Statistical Analysis—Statistical significance was assessed by
unpaired Student’s ¢ test. Differences with p values of <0.05
were considered statistically significant.

RESULTS

DC Development Appears Normal in PDKI~" Mice—
PDK1 '" mice carry an insertion of a neomycin cassette into
the single functional PDK1 allele (fl), which results in the
expression of ~10% of wild type levels of the enzyme
(Fig. 1C, supplemental Fig. S1) (30). After backcrossing,
PDK1~'" mice were not born at the expected Mendelian ratio,
indicating a more penetrating effect of the fl allele in the pure B6
background during embryonic development. Nonetheless, a
limited number of mice were obtained for analysis. DC derived
from both genetic backgrounds were used for all of the experi-
ments, and the results were similar. We first investigated
whether low levels of PDK1 expression could affect the devel-
opment of DC in vivo as well as their homing to immune and
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CD8 and CD45RA in CD11c¢™ cells. The numbers in each plot correspond to the percentages of CD11c¢* cells
expressing the indicated marker combination. C, lysates were made from PDK1*/* and PDK1 /= BMDCs,
loaded on a SDS-PAGE gel, and immunoblotted with anti-PDK1 Ab and anti-Erk1/2 Ab as a loading control.
D, lung cells isolated from PDK1*/* or PDK1%~ mice were co-stained with anti-CD11c and anti-CD11b Abs and
analyzed by flow cytometry. The numbers correspond to the percentage of total cells expressing the indicated
marker combination. E, ear epidermal sheets from PDK1"/* or PDK1~"" mice were fixed and then stained with
anti-class Il MHC Abs (red), and the fluorescence was analyzed by confocal microscopy. WT, wild type.
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FIGURE 2. LPS induced long term maturation is normal in PDK1 ~M DC. A and B, SDC (left panels) or BMDC
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periods with 50 ng/ml LPS. Secretion of IL-6, tumor necrosis factor e, IL-10, IL-12, and IL-13 was detected by
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anti-CD86, anti-CD54, or anti-class Il MHC and analyzed by flow cytometry. Overlay histograms show the
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LPS (white). The results are representative of three independent experiments. wt, wild type.

nonimmune tissues. We used CD11c as a general marker to
identify DC populations. As shown in Fig. 1 (A and B), the
percentage of CD11c™ cells in the spleen and in the lymph
nodes of PDK1~"" mice was normal. Several DC subsets have
been characterized based on their expression of CD4 and CD8

932 JOURNAL OF BIOLOGICAL CHEMISTRY

(conventional DC) or CD8 and
CD45RA (plasmacytoid DC) (36,
37). Using different combinations of
these markers, we found that the
different subsets of CD11c™ DC
were present in the spleen and in the
lymph nodes, although in slightly
altered proportions. In particular,
fewer CDI11c*CD4* DC were
detected in the spleen and lymph
nodes of PDK1 ™/ mice (Fig. 1, A
and B).

To perform their sentinel role in
the immune system, DC have to
populate nonlymphoid tissues. We
therefore analyzed the presence of
DC in the lungs and in the epider-
mis. Fig. 1D showed that in the lungs
of PDK1~"" mice, CD11c*CD11b™~
DC were present at the same levels
as in the littermate control mice. To
detect Langerhans cells, which are
the DC that reside in the epidermis
(37), epidermal ear sheets were
stained with anti-class I MHC Abs.
The results showed that PDK1 /%
Langerhans cells were present at the
same density, and their overall mor-
phology was similar to wt Langer-
hans cells (Fig. 1E). Taken together
the above results indicate that low
levels of PDK1 activity affect neither
the generation of DC from bone
marrow precursors nor their hom-
ing to lymphoid and nonlymphoid
organs.

Long Term Maturation Induced
by TLR Is Not Affected by Reduced
PDK1 Activity—To perform a more
detailed analysis of DC functions we
generated DC from either bone
marrow (BMDC) or spleen (SDC) of
PDK1™, PDK1"/", and PDK1 /"
mice in vitro. We assessed whether
TLR-induced maturation required
normal levels of PDK1 activity. We
measured the production of several
cytokines including IL-13, IL-10,
IL-12, tumor necrosis factor «, and
IL-6 at different time points after
LPS stimulation either in BMDC or
in SDC. As shown in Fig. 24, the
secretion of IL-1B3, tumor necrosis

factor a and IL-6 by PDK1 /" SDC or BMDC proceed with
similar kinetics as in the PDK1*'- or PDK1"/"-derived DC.
Interestingly, although production of IL-12 and IL-10 was not
affected in PDK1~/" BMDC, in PDK1 ™/ SDC the levels of both
cytokines were strongly increased (Fig. 2B). This result indi-
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The results are expressed as fold induction (median intensity value) relative to FITC-dextran uptake in
untreated cells. B, FITC-dextran uptake fold induction induced by LPS in DC derived from PDK1%* or PDK1%~
DC.The open circles correspond to single mice each (n = 10 for each genotype). The black square represents the
mean. The bars represent 95% confidence interval. Reduced fold induction in PDK1%~ DC was significant (p <
0.0001). G, IL-2 release by OT-II T cell (panels a and c) or 5B12 T cell hybridomas (panels b and d) incubated with
either wild type (WT), PDK1%"*, or PDK1%~ DC, which were pulsed with increasing amount of ovalbumin (panel
a) or tetanus toxin C-fragment (TTFC, panel b) in presence of LPS or with DC pretreated with LPS for 24 h and
then pulsed with increasing amount of ova peptide 323-339 (panel ¢) or TTFC peptide 900-915 (panel d) as
described under “Experimental Procedures.” BMDC (panels a and ¢) or SDC (panels b and d) were used. The
results are representative of three to four independent experiments performed in duplicate using BMDC and
SDC derived from one littermate control and one PDK 1%/~ M°Use each time in either C57 or mixed backgrounds.
D, BMDC (left panels) or SDC (right panels) derived from the same mice used in B were either stimulated with 50
ng/ml LPS for 24 h, co-stained with anti-CD11c and either anti-CD40, anti-CD86, anti-CD54, or anti-class Il MHC,
and analyzed by flow cytometry. The results are representative of three independent experiments performed
in duplicate using BMDC and SDC derived from one littermate control and one PDK1%~ mouse each time.

PDK1 in Dendritic Cells

cules. Previously, we showed that
the initial stimulation of DC with
TLR ligands induced a transient
increase in actin-dependent mac-
ropinocytosis that peaks at 3040
min after TLR stimulation (18). To
monitor macropinocytosis, control
DC or DC stimulated with different
TLR ligands were incubated with
FITC-dextran. We found that al-
though the basal levels of dextran
uptake were not affected (data not
shown), the TLR-mediated increase
was partially impaired (between 50
and 70%) in PDK1~"%! DCs stimu-
lated with LPS, Pam3CSK, or
poly(I-C) and completely abolished
in the case of CpG addition (Fig. 3, A
and B, and data not shown). The
acute increase and the subsequent
down-regulation of macropinocyto-
sis in PDK1~"" DCs followed the
same kinetics as in control DCs, but
the enhanced phase of uptake was
reduced in PDK1~/" DCs (supple-
mental Fig. S24). To investigate
whether the reduction in antigen
uptake could result in impaired
antigen presentation to T cells, we
measured IL-2 secretion by T cells
stimulated with control littermate
or PDK1 /" DCs pulsed with either
ovalbumin or TTFC antigen in the
presence of LPS. Surprisingly, the
amount of IL-2 produced was
higher in T cells stimulated by
PDK1~"" DCs (Fig. 3, C, panels a
and b). We investigated the possi-
bility that expression of co-stimula-
tory and/or class Il MHC molecules
on the surface of LPS-matured
PDK1 /" DCs was higher than on
wild type DC, which might compen-
sate for reduced antigen uptake.

cates that low levels of PDKI1 activity do not compromise the
production of normal levels of cytokines in response to LPS
stimulation, and in fact, PDK1 may act to constrain production
of IL-12 and IL-10, at least in SDCs. Another important feature
of TLR-induced DC maturation is the up-regulation of class II
MHC and co-stimulatory molecules such as CD40, CD86, and
CD54 (2). The cells were stained with antibodies against these
different surface markers 24 h after LPS addition. FACS analy-
sis showed that PDK1 ™~/ DC up-regulated class Il MHC, CD40,
CD86, and CD54 and in some cases to greater levels than
wild type DC (Fig. 2C and see below).

TLR-induced Macropinocytosis Is Reduced in PDK1~" DCs—
TLR signaling induces a variety of cellular responses in addition
to de novo expression of cytokines and co-stimulatory mole-
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Indeed, as shown in Fig. 3D, the amount of CD86 and class II
MHC were higher in PDK1~" DCs compared with littermate
control DC, although CD40 and CD54 expression were not
increased in PDK1~'" DC (Fig. 3D). To further confirm the
effect of enhanced expression of these molecules, T cells were
stimulated with peptide pulsed DC either fresh or fixed after
peptide loading. As shown in Fig. 3C (panels ¢ and d) and in
supplemental Fig. S2B, IL-2 production was enhanced in T cells
stimulated by PDK1 /" DCs. Thus, LPS-matured DC with low
PDK1 activity overcame their reduced capacity to uptake anti-
gen by expressing higher levels of class Il MHC and CD86 mol-
ecules at their surface.

FcR-mediated Phagocytosis Is Reduced in PDK1~" DCs—To
gain further insight into the defect in actin-dependent endocy-
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FIGURE 4. FcR-mediated phagocytosis is impaired in PDK1"/~ DC. CFSE-
labeled RBC were incubated at a 40:1 ratio with SDC generated in vitro from
PDK1*/*, PDK1%*, or PDK1%~ mice for either 10 (A, panels b, ¢, e, and f) or 25
min (A, panels a and d, and B) at 37 °C. RBC that have not been phagocytosed
were lysed with RBC lysing buffer. A, cells were fixed and stained with phal-
loidin TRITC and analyzed by confocal microscopy. The arrows indicate phag-
ocytic cups (panels a-c, wild type (WT); panels d-f, PDK1%~). Bar, 10 um.
B, CFSE-labeled RBC uptake was measured by flow cytometry. The results are
expressed as the percentage of DC that have uptake RBC (top panel) or as the
median intensity value (bottom panel). The results were performed in either
SDC or BMDC and are representative of three independent experiments.

tosis, we asked whether phagocytosis, which requires the acti-
vation of several PDK1 substrates as well as a functional actin
cytoskeleton, was also affected. To measure the capacity of
PDK1~"" DC to phagocytose, CFSE-labeled RBC were opso-
nized with rabbit anti-sheep IgG and incubated with DC for the
indicated time periods. Phagocytosis was assessed by micros-
copy and by flow cytometry. As illustrated in Fig. 4B, after 25
min, only 40% of PDK1~ /" DC had phagocytosed RBC com-
pared with almost 90% in littermate controls. Moreover, the
number of RBC engulfed by these cells was reduced compared
with littermate control DC (Fig. 4). An essential step of phago-
cytosis is the accumulation of a ring of F-actin at the site of the
nascent phagocytic cup. As shown in Fig. 44, PDK1~/? DC had
fewer F-actin rings compared with control DCs, suggesting that
low PDK1 expression levels could affect the accumulation of
F-actin at the phagocytic cup during FcR-mediated phagocyto-
sis. Taken together theseresultsindicate that two differentactin-
dependent modes of endocytosis, macropinocytosis and phag-
ocytosis, are reduced in DC expressing low levels of PDK1.
F-actin Content Is Reduced in PDKV"~ DCs—Phagocytosis
and TLR-mediated macropinocytosis require a rapid mobiliza-
tion of the actin cytoskeleton. The above data suggest that this
may be defective when PDK1 levels are low. To investigate this
hypothesis further, we first compared the morphology of
PDK1"', PDK1*/~, and PDK1~"? DC by analyzing the distribu-
tion of F-actin. As shown in Fig. 54, PDK1 /" DC adhered to
the glass substrate and spread to the same extent as control
DCs. Although the typical F-actin based structures displayed by
DC such as cortical actin, cables, focal adhesions, and podo-
somes were present in PDK1 /1 DC, we observed a striking
reduction in the intensity of phalloidin staining, suggesting that
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these cells had lower levels of F-actin. To obtain a more quan-
titative measurement for F-actin content, the cells were stained
with phalloidin Alexa 633 to detect F-actin together with FITC-
DNase I, which recognized G-actin as an internal control. The
respective fluorescence were measured by FACS, and the G/F-
actin ratio was calculated. The G/F-actin ratio was significantly
higher in PDK1~"? DC compared with PDK1** or PDK1*/1 DC
(Fig. 5, B and C), consistent with the lower level of F-actin
observed by microscopy.

One possible explanation for this reduction is that PDK1 /%
DC express less total actin. However, we found no significant
alteration of actin levels in PDK1~'" DC cell lysates (Fig. 5D).
Another explanation could be that less G-actin monomers are
available for polymerization (sequestration) or that the rate
of actin polymerization is reduced in PDK1 /" DCs. To test this
possibility, the cells were treated with latrunculin A to depoly-
merize actin filaments. The drug was then removed, and the
levels of F-actin were measured at different time points during
the recovery phase. The results showed that the polymerization
of F-actin proceeded more slowly in PDK1 /" DC compared
with littermate control DC (Fig. 5E). F-actin levels are deter-
mined by a balance between actin polymerization and depoly-
merization, both of which are regulated by actin-binding pro-
teins. The two key proteins implicated in the initiation of actin
polymerization are WASP and Arp2/3 (38, 39). Analysis of their
levels of expression by Western blot showed equivalent
amounts in PDK1 /" DC relative to wild type (Fig. 5D),
although it is possible that their activity is affected by the
reduced activation of PDK1 substrates. Another actin-binding
protein that is determinant for F-actin accumulation in cells is
cofilin, which severs actin filaments (40). Its capacity to depo-
lymerize F-actin is regulated by phosphorylation on Ser®, which
decreases its activity. We found that phosphorylation of cofilin
on Ser® was reduced in PDK"~ DC compared with control
DCs, suggesting that cofilin activity is higher in these cells (Fig.
5F). This result suggested that the slower rate of F-actin recov-
ery observed in PDK1%~ DC could result from an increased
depolymerization activity of cofilin. To analyze whether actin
polymerization could also be affected, the same experiment as
in Fig. 5E was performed in the absence of calcium in the
medium during the recovery phase after Lat A treatment. Con-
versely to polymerization, actin depolymerization requires cal-
cium influx (41). Therefore, by removing calcium during the
recovery phase, only polymerization will be monitored. Fig. 5G
shows that in the absence of calcium, F-actin levels increased
faster in both littermate and PDK1"~ DC. Moreover, the
recovery proceeded at the same speed in both DC, suggesting
that low levels of PDK1 affected F-actin depolymerization but
not F-actin polymerization. Finally, we also ruled out the pos-
sibility that low levels of PDK1 affected Ca®>" entry because
calcium influx induced by the chemokine MIP1« was normal in
PDK1%~ DC (Fig. 5H). Taken together, the reduced F/G-actin
ratio may well explain the reduced macropinocytic and phago-
cytic response observed in PDK1%~ DCs.

Reduced PDK1 Activity Induced a Decrease in RSK, PKB, and
§6 Activation—The PDK1~"? DC showed striking disturbances
in disparate processes including actin cytoskeleton dynamics
and regulation of cytokine expression. This suggested that dif-
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FIGURE 5. F-actin content and actin polymerization rate are reduced in DC with low PDK1 activity.
A, PDK1+/* PDK1%*, or PDK1%~ SDCs were stained with TRITC-phalloidin, and the fluorescence was analyzed
by confocal microscopy Bar, 20 wm. B, PDK17/*, PDK1%*, or PDK1%~ BMDC (left panel) or SDC (right panel)
were co-stained with anti-CD11c Ab and FITC-DNase | (G-actin) and Alexa 633-phalloidin (F-actin). The respec-
tive fluorescence in CD11c+ cells were analyzed by flow cytometry. The G/F-actin ration was calculated using
median intensity values. The mean = S.D. of a representative experiment performed in triplicate is shown.
C, G/F-actin ratio in PDK1%"* and PDK1%~ DC. The open circles correspond to one mouse each (n = 6 for each
genotype). The black s?uares represent the means. The bars represents 95% confidence interval. The increased
G/F-actinratioin PDK1"~ DC was significant (p = 0.039). D, lysates of PDK1*/*, PDK1%"*, or PDK1%~ SDCs were
separated by SDS-PAGE and immunoblotted with anti-actin, anti-WASP or anti-Arp3 Abs. The results are rep-
resentative of at least three independent experiments. £, PDK1%* or PDK1%~ BMDC were untreated or treated
with 2 um latrunculin A for 20 min at 37 °C, washed, and let recover for the indicated time periods before
fixation. The cells were stained with anti-CD11c Ab and TRITC-phalloidin and analyzed by flow cytometry. The
results are expressed as the % of F-actin content (median fluorescence value) in CD11c™ cells relative to
untreated cells. The same results were obtained in either SDC or BMDC in three independent experiments.
F, lysates of PDK1*/*, PDK1"*, or PDK1™"~ SDCs were loaded on a SDS-PAGE gel, immunoblotted with anti-
phospho-cofilin (53), anti-cofilin, or anti-Erk1/2 Abs and quantified using a LI-COR Odyssey infrared imaging
system. The results are representative of at least three independent experiments. G, analysis of F-actin recovery
was performed as described in E, but where indicated cells were resuspended in calcium-free medium (no Ca).
H, PDK1%* or PDK1%~ SDC were labeled with Indo-1-AM for 45 min and washed, and calcium flux was meas-
ured for 120 s on a LSRFACS machine. After 30 s, 100 ng/ml MIP1a was added. The results are representative of
at least three independent experiments. WT, wild type.

PDK1 in Dendritic Cells

It seemed more likely that reduced
activity of one or more of the AGC
kinases controlled by PDK1 might
be responsible for the effects
observed. Therefore, we performed
a systematic analysis of the activa-
tion of several of these kinases in
PDK1™"" DCs. Most PDK1 sub-
strates require prior activation trig-
gered by an extracellular stimulus.
We assessed the state of activation
of PDK1 downstream effectors
upon LPS stimulation by monitor-
ing the phosphorylation of their
T-loop. We found that RSK phos-
phorylation is partially affected,
whereas the Akt/PKB phosphoryla-
tion is almost completely abolished
(Fig. 6, B and C). We also looked at
some of the downstream effectors
of Akt/PKB, RSK, and S6K. Fig. 6
(B-D) shows that the basal phos-
phorylation of GSK3a/B and of S6
is impaired. Taken together, these
results indicated that reduced
PDK1 activity in DCs resulted in
the impaired activation of RSK,
PKB, and S6K induced by TLR4
triggering.

PDK1 Overexpression Rescues the
Defects in PDKI"”~ DC—Finally, we
investigated whether the defects
described above could be rescued by
reintroducing PDK1, because it was
possible that the phenotype arose as
an indirect consequence of a lack of
PDK1 during mouse development.
To restore normal PDKI1 levels in
PDK1%~ DC, we infected wild type,
PDK1"", or PDK1"~ BMDC with
a retrovirus expressing both PDK1
and GFP (supplemental Fig. S3A).
The co-expression of GFP was used

ferent signaling pathways downstream of PDKI1 might be
affected. The molecular mechanisms involved in the regulation
of macropinocytosis by TLRs are still poorly understood.
Recently, we showed that activation of either the p38 or the
Erk1/2 pathway was required to stimulate enhanced macropi-
nocytosis (18). Therefore, we investigated the phosphorylation
of p38 and Erk1/2 in PDK1 /" SDCs upon LPS stimulation. As
shown in Fig. 64, whereas p38 phosphorylation was not signif-
icantly affected, the activation of Erk1/2 was slightly decreased.
However, even complete inhibition of Erk1/2 with the mitogen-
activated protein kinase/Erk kinase inhibitor PD184352, which
potently inhibits Erk1/2 activation, has only a modest effect on
TLR enhanced macropinocytosis (18), suggesting that the par-
tial decrease in Erk activation in PDK1~/" DC is probably not
enough to account for the reduced macropinocytosis observed.

JANUARY 11, 2008« VOLUME 283 +NUMBER 2

to identify the infected cells by flow cytometry (supplemental
Fig. S3B). A retrovirus expressing only GFP was used as a con-
trol to rule out any effect caused by the infection itself. The
analysis of infected cells showed a substantial increase in PDK1
expression compared with noninfected cells (supplemental Fig.
S3C). Importantly, the amount of PDK1 was similar in both
PDK1%" and PDK1%"~ DC. Because retroviral infection of pri-
mary DC is comparatively inefficient (11~24%; supplemental
Fig. S3B), we were only able to monitor those parameters that
could be measured in GFP-positive cells by flow cytometry.
We first assessed the effect of restored PDK1 expression on
the activity of S6K, one of several PDK1 substrates. As shown in
Fig. 7A, phosphorylation of the S6K substrate S6 on Ser?3*/23¢
was enhanced in DC infected with the PDK1 virus, compared
with uninfected DC or DC expressing GFP alone. We next
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FIGURE 6. Activation of PDK1 substrates is impaired in PDK1%/~ SDCs. PDK1*/*, PDK1*/", or PDK1 7 SDC
were either untreated or stimulated with 50 ng/ml LPS for 30 min at 37 °C and then lysed. Equal amounts of
proteins were resolved on a SDS-PAGE gel. A and B, cell lysates were immunoblotted with phospho-Erk1/2,
phospho-p38, and total Erk1/2 Abs (A) or with phospho-RSK S227, phospho-PKB S308, phospho-GSK3«/3
$21/9, and total PKB and RSK2 Abs (B). Immunoblotting for actin was used as a loading control. C, lysates were
probed with the same antibodies as in B and quantified using a LI-COR Odyssey infrared imaging system.
Similar results were obtained with BMDC and are representative of three independent experiments. D, left
panel, PDK1%* or PDK1"~ SDCs either untreated or stimulated with 50 ng/ml LPS for 30 min were co-stained
with anti-CD11c and anti-phospho-S6 Abs and analyzed by flow cytometry. Right panel, basal levels of S6
phosphorylation. The open circles correspond to one mouse each (n = 5 for each genotype). The black square
represents the mean. The bars represents 95% confidence interval. Decreased S6 phosphorylation in PDK1%~

DISCUSSION

To initiate immune responses,
DCs need to undergo a maturation
program typically triggered by the
engagement of TLR by microbial
products (6). Although TLR down-
stream signaling pathways have
been the focus of intensive research,
few reports have studied the role of
the Ser/Thr AGC kinase family. In
this study, we investigated how the
“master kinase” PDKI1, which is
required to activate the AGC
kinases PKB, PKC, PRK1, RSK, S6K,
and SGK (7), controlled some
aspects of DC function, particularly
those triggered by TLR stimulation.
Because deletion of the PDK1 gene
is embryonic lethal, we used a
mouse model in which ~10% of
PDK1 is expressed (30). Despite the
decrease in PDKI activity, DC
development and homing to lym-
phoid organs in PDK1 /" mice
appeared relatively normal. In
contrast DCs expanded in vitro
showed specific abnormalities in
their response to TLR stimulation.

DC was significant (p = 0.011). wt, wild type.

examined the content of F-actin in PDK1 restored and control
DC using phalloidin staining. It was not possible to use FITC-
DNase I to obtain a G/F-actin ratio because the cells were
already expressing GFP. Nonetheless, as judged by phalloidin
staining, F-actin levels were clearly enhanced by expression of
PDK1 (Fig. 7B). This result was obtained in DC from mice of
mixed background and in DC from mice backcrossed onto
C57/B6. Consistent with a link between PDK1 activity and F-
actin-dependent processes, the level of macropinocytosis was
also enhanced in DC where the kinase was overexpressed.
When stimulated with LPS PDK1Y~ DC expressing PDK1
showed substantially more dextran uptake compared with the
same DC expressing GFP alone (Fig. 7C). Interestingly, wild
type DC infected with PDKI1 virus also showed a similar
enhancement, suggesting that PDK1 levels in DC may be limit-
ing even under these conditions. Consistent with that scenario,
basal pinocytosis was also stimulated by expression of PDK1
(Fig. 7C). This meant that there was little difference in the fold
increase in pinocytosis triggered by LPS in PDK1"~DC and in
PDK1 rescued PDK1%~DC (data not shown). Again, PDK1
enhanced pinocytosis was seen in both genetic backgrounds.
The capacity of reintroduced PDKI1 to rescue S6 phosphoryla-
tion, elevate F-actin levels, and to enhance both basal and LPS-
stimulated macropinocytosis strongly suggests that the pheno-
type of PDK1"~ DC is directly due to low kinase levels and not
to indirect factors that affect DC development and differentia-
tion in vitro.
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In particular two different actin-

dependent endocytic pathways,

macropinocytosis and phagocyto-
sis, were partially defective in DC from PDK1 /" mice. We
traced the likely cause of this phenotype to a reduction in actin
polymerization rate in these cells. In addition, DCs expanded
from spleen showed enhanced production of the cytokines
IL-12 and IL-10. Finally, we found that several AGC kinases
including PKB, S6K, and RSK that lie downstream of PDK1
were not activated normally in PDK1 /" DC.

Our results demonstrating enhanced IL-12 production in
PDK1 " SDC are consistent with data indicating that the PI
3-kinase/PKB pathway attenuates inflammatory cytokine pro-
duction in immune cells. For example, Fukao et al. (42) demon-
strated enhanced IL-12 production in DCs lacking the p85 reg-
ulatory subunit of PI 3-kinase or treated with PI 3-kinase
inhibitors. Recent studies identified GSK3B as a potential
downstream effector of this response (21, 22) because GSK3
phosphorylation by PKB and its consequent inhibition led to
diminished IL-12 production in peripheral blood monocytes. In
PDK1~'" DC, PKB activation by LPS was impaired boosting
GSK3a/p activity, at least as measured by Ser” and Ser®! phos-
phorylation, which would predict the observed enhanced IL-12
production. However, we observed a parallel increase in IL-10
production rather than the reduction observed by Martin et al.
(21) when GSK3 is kept activated as a result of PI 3-kinase or
PKB inhibition. Surprisingly, we observed enhancement of
1L-12 and IL-10 production in SDC but not in BMDC. At pres-
ent we cannot pinpoint the reason for this difference, which
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FIGURE 7. Rescue of phenotypic characteristics of PDK1%/~ DC by PDK1 overexpression. A, noninfected or
infected BMDC were co-stained with anti-CD11cand anti-phospho-S6 abs and analyzed by flow cytometry. Left
panel, overlay histograms showed the S6 phosphorylation levels in noninfected (gray) or PDK1-infected (white)
PDK1WT (left histogram) and PDK1 /" (right histogram) BMDC. Right panel, results showed the median intensity
value for one representative experiment of three performed in triplicate. 8, PDK1*/*, PDK1*/f, or PDK1 /"
BMDC either noninfected or infected with GFP virus or PDK1 virus were co-stained with anti-CD11c Ab and
phalloidin Alexa-633 and analyzed by flow cytometry. Left panel, overlay histograms showed phalloidin stain-
ing in noninfected (gray) or PDK1 infected (white) PDK1"" (left histogram) and PDK1 —/A (right histogram) BMDC.
Right panel, results showed the MFIfor CD11c™ (noninfected) or GFP™ CD11c* cells in BMDC from C57/B6 (left
histogram) or mixed (right histogram) backgrounds. The results are representative of at least three independent
experiments performed in duplicates. C and D, the same cells as in A were untreated or stimulated with 50
ng/ml LPS for 30 min before the addition of Alexa 633-dextran for 10 min and then analyzed by flow cytometry.
Pinocytosis (MFlon gated CD11c¢*, GFP™ cells) for control (GFP only) and PDK1 virus-infected cells is expressed
relative to uninfected cells for basal (left panels) or LPS stimulated (right panels) BMDC from C57/B6 (C) or mixed
(D) backgrounds. The results are representative of at least three independent experiments performed in dupli-
cate. wt, wild type.

PDK1 in Dendritic Cells

els. How could PDK1 affect cofilin
phosphorylation levels? Cofilin is in-
activated by phosphorylation on Ser®
by LIMK, which in turn is activated
by PAK1 (43). Because PAKI has
been reported to be a PDK1 sub-
strate (44), it is possible that in
PDK1"~ DC PAKI activity is
reduced, resulting in an increase in
cofilin activity. Inactivation or
depletion of cofilin by overexpres-
sion of LIMK and antisense strate-
gies, respectively, enhanced phago-
cytosis (43, 44) consistent with an
inverse relationship between cofilin
activity and phagocytic activity.
Other links between PDK1-acti-
vated AGC kinases and actin-driven
endo/phagocytosis are also likely to
be relevant, however. The most
obvious biological consequence of
reduced F-actin was a blunted pino-
cytic and phagocytic response in
PDK1~"? DC. Despite this, presen-
tation of exogenous antigen was
actually increased. However, the
presentation of antigenic peptides
was also enhanced. We found that
matured PDK1~’" DC have in-
creased levels of co-stimulatory
molecules, and this apparently more
than compensates for any shortfall
in antigen uptake.

Several studies have highlighted
the crucial role of the PI3K product
PtdIns(3,4,5)P; during the forma-
tion of macropinosomes and phago-
somes. This lipid is enriched in the
membrane ruffles that give rise to
forming macropinosomes and on

seems to indicate distinct regulation of cytokine production in
different DC types.

One of the striking consequences of low levels of PDK1 activ-
ity in DC is a significant reduction in the content of F-actin as
well as in its rate of polymerization. Despite this unexpected
defect, DC were able to make the various F-actin-rich struc-
tures typically observed in DC such as membrane ruffles and
podosomes, suggesting that it was their capacity to regulate the
polymerization or the depolymerization of F-actin that was
affected. A difference in depolymerization rate appeared to be
responsible because when external Ca>" was removed (to sup-
press depolymerization), actin polymerization rates were
increased equally for control and PDK1 /" DC. Moreover, an
initial analysis of some of the actin-binding proteins involved in
these processes showed that an increased actin depolymeriza-
tion rate could be due in part to an increase in cofilin activity.
Indeed, because cofilin severs actin filaments, this could favor
F-actin depolymerization, which in turn will reduce F-actin lev-
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the membrane projections that initiate phagocytosis (45-47).
Most evidence suggests that PtdIns(3,4,5)P, is required for the
final stages of pino/phagosome formation (i.e. closure). How-
ever, the key PH domain bearing proteins that might be
recruited to late stage pinosomes/phagosomes are not known.
Our results suggest that PDK1 is a possible candidate and may
in turn activate effectors such as PKB (which also has a PH
domain) that could control the closure stage. Akt/PKB is essen-
tial for macropinocytosis in Dictyostelium (48) and, working
through p70S6 kinase, for optimal phagocytosis in mammalian
cells (13). Other evidence implicates p70S6 kinase in actin orga-
nization in Swiss 3T3 cells (49).

RSK is another PDK1 substrate that may also be relevant.
This kinase has been shown to phosphorylate the actin cross-
linker filamin A and the Na*/H™ transporter NHE1 (50, 51).
These two actin-binding proteins act as a scaffold by bringing
together actin and actin remodelling proteins. Filamin A acts as
a docking site for the Rho GTPases Racl, cdc42, and RhoA and
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their GEFs (e.g.Trio) (52), whereas NHE1 recruits to the plasma
membrane the actin polymerization machinery formed by
WASP and Arp2/3 through the NIK/Nck complex (49). Earlier
work from our own and other labs showed that amiloride, a
specific inhibitor of NHE1, blocked macropinocytosis in both
epidermal growth factor-stimulated A431 cells (53), and in
human dendritic cells (54), and a recent report showed that low
levels of PDK1 decreased the activity of the NHE3 transporter
in the intestine (55). As part of a larger study of mitogen-acti-
vated protein kinase activated kinases in DC responses to TLR
ligands, we have recently found that chemical inhibition of RSK
blocks the LPS-stimulated pinocytic response (56), supporting
the idea that RSK is an important downstream effector of
PDK1. However, blockade of RSK does not lead to changes in
DC F/G-actin ratio, underlining that several pathways involved
in actin regulation are likely to be affected by decreased PDK1
activity. Although deficiencies in AGC kinase activation are
likely to underlie the perturbed LPS responses and abnormal
F/G-actin ratio in PDK1"~ DC, we cannot rule out the possi-
bility that other unidentified PDK1 substrates are involved.

Our analysis of the activation status of PDK1 substrates in
DC showed that low levels of PDK1 resulted in a significant
reduction of the basal or/and LPS activation of RSK, PKB, and
S6K. These results were surprising because previous work car-
ried out in the same PDK1 /" mouse model showed that these
kinase activities were activated normally after insulin adminis-
tration in the liver or in skeletal muscle (30). This discrepancy
could be due to several factors such as the type of stimuli used,
the length of signaling required for activation, and the possibil-
ity that DC may simply express less PDK1 than liver cells or
skeletal muscle cells. Importantly, we were able to rescue phe-
notypic characteristics of PDK1~/% DC by reintroducing PDK1.
In addition to enhanced levels of S6 protein phosphorylation,
PDK1 restored DC showed increased levels of F-actin and
enhanced pinocytic activity. Interestingly, introduction of PDK1
stimulated basal levels of pinocytosis and increased F-actin not
only in PDK1~"? DC but also in wild type DC. This suggests that
PDK1 is limiting in DC for these processes and shows that at least
part of the PDK1~/? DC phenotype is directly due to the low levels
of this key kinase. It remains possible that there are collateral
effects of low PDK1 levels during mouse development, but we have
no evidence for this in DC. With a clear role for the AGC kinase
family uncovered, it may now be possible to dissect the contribu-
tion made by individual family members by establishing DC that
express mutant forms of PDK1 that either fail to activate PKB,
because of a mutation introduced into the PDK1 PH domain (57)
or fail to activate RSK, S6K, and SGK because of a mutation in the
PDK1-interacting fragment (PIF pocket) (58) that prevents inter-
action with these targets. Both PDK1 mutations are embryonic
lethal, but DC might be established from appropriate embryonic
stem cells (59) or by in vitro deletion of a floxed wild type allele
expressed alongside the mutated PDK1 allele.
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Supplementary Figure legends

Supplemental Figure 1. Genomic organisation of the PDK1 locus in PDK 1" mice. PDK1" allele
contain a neomycin resistance gene flanked by 2 loxP sites (black boxes) between exons 2 and 3
(white boxes) as well as a loxP site after exon 4. In the PDK1" allele exons 3 and 4 have been removed
by Cre recombinase.

Supplemental Figure 2. LPS-induced macropinocytosis is reduced. A, Wild-type or PDK1"" BMDC
were stimulated for the indicated time periods with 50 ng/ml LPS before the addition of FITC-dextran.
B, PDK1" or PDK 1" SDC, pre-treated for 24h with LPS, were pulsed with the indicated amount of
TTFC peptide for 3h. Cells were fixed with 0.05% glutaraldehyde for 45s and quenched with 0.1M
glycine. DC were then mixed at 1:1 ratio with 5B12 T cell hybridomas and IL-2 production measured
by ELISA after 24h.

Supplemental Figure 3. PDK1 ectopic expression in PDK 1" DC. A, Map of the retroviral constructs.
Top, pPBMN-I-GFP, bottom, pBMN PDK1-1-GFP. This latter construct allowed both expression of
PDKI1 and via an internal ribosome entry site (IRES), GFP. The co-expression of GFP was used to
identified DC expressing PDK 1. LTR, long term repeat, I, IRES. B, PDK1"* (left) or PDK1"" (right)
BMDC either non infected (top) or infected at day 2 with GFP (middle) or PDK1 (bottom) viruses
were analysed by flow cytometry for GFP and CD11c expression after 8 days of culture. C, The same
cells as in B were lysed after 8 days of culture. Equal amount of proteins were loaded on a SDS-PAGE
gel and immunoblotted with anti-PDK1 abs.
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