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Abstract

Dendritic cells (DCs) are potent antigen-presenting cells with a promising potential in cancer immunotherapy. Cbl proteins
are E3 ubiquitin ligases and have been implicated in regulating the functional activity of various immune cells. As an
example, c-Cbl negatively affects DC activation. We here describe that another member of the Cbl-protein family (i.e. Cbl-b)
is highly expressed in murine bone-marrow-derived DCs (BMDCs). Differentiation of cblb—/— bone marrow mononuclear
cells into classical BMDCs is unaltered, except enhanced induction of DEC-205 (CD205) expression. When tested in mixed-
lymphocyte reaction (MLR), cblb—/— BMDCs exhibit increased allo-stimulatory capacity in vitro. BMDCs were next in vitro
stimulated by various toll like receptor (TLR)-agonists (LPS, Poly(l:C), CpG) and exposed to FITC-labeled dextran. Upon TLR-
stimulation, cblb—/— BMDCs produce higher levels of proinflammatory cytokines (IL-1a, IL-6 and TNF-o) and exhibit a
slightly higher level of FITC-dextran uptake. To further characterize the functional significance of cb/lb—/— BMDCs we tested
them in antigen-specific T cell responses against ovalbumin (OVA) protein and peptides, activating either CD8* OT-I or CD4*
OT-II transgenic T cells. However, cblb—/— BMDCs are equally effective in inducing antigen-specific T cell responses when
compared to wildtype BMDCs both in vitro and in vivo. The migratory capacity into lymph nodes during inflammation was
similarly not affected by the absence of Cbl-b. In line with these observations, cblb—/— peptide-pulsed BMDCs are equally
effective vaccines against OVA-expressing B16 tumors in vivo when compared to wildtype BMDCs. We conclude that in
contrast to c-Cbl, Cbl-b plays only a limited role in the induction of Ag-specific T cell responses by murine BMDCs in vitro
and in vivo.
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Introduction Cbl, Cbhl2, RNF55), Cbl-b (also termed RNF56) and Cbl-c/Chl-3
) ) o (also termed, Cbl-SL, RNF57) [7,8]. Cbhl proteins interact with
DCs are a unique class of leukocytes whose primary function is target proteins vz their protein—protein interaction domains,

to capture antigens and process them to activate or tolerize T cells allowing regulation of multiple signaling pathways in immune cells
[1]. Thus, the high efficacy of DCs in initiating primary T cell 8].

responses inspired tumor immunologists to evaluate the therapeu-

) . > . . - The E3 ubiquitin ligase c-Cbl, known for its roles in regulating
tic potential of DCs as cellular vaccine to induce antigen-specific

: : . . lymphocyte signaling has now been identified to be a modulator of
immune responses targeting cancer cell associated antigens [2]. DC activation as well [9]. In ccbi—/— DCs, Toll-like receptor

However, despite huge efforts to establish DC vaccination as a (TLR)-induced expression of proinflammatory cytokines such as

treatment for cancer patients, therapeutic success is limited so far. IL-12p70, IL-6, IL-10 and IL-1p was significantly enhanced. This
Nevertheless, a randomized trial in hormone-refractory prostate correlated with a greater potency of DC-based vaccines against
cancer led to the first FDA approval of a DC-based vaccine after established tumors when cchl—/— DCs were used [9]. A recent
obslc rvatlonh of an improved OEcrall sclll.rvw:al rate Ofl DC-treated study indicates that the E3 ubiquitin ligase Chl-b plays a critical
patients, whereas numerous other studies (ie. in me anorma etc) role in the regulation of TLR-triggered inflammatory response via
did not yleh?l pf)s1tlyve clinical results [3,4-]. Thus, at lejast in the degradation of MyD88, which is a central component of TLR-
current application schedules DC vaccines do not sufficiently help sig?laling [10-13]. Additionally, the interaction between pro-
cancer patients by inducing significant clinical responses, in spite orammed cell death ligand 1 (Pi)-Ll) on DCs and programmed
of consistently m.easura}ble T cell responses ?md a virtual la?k of ;ell death 1 (PD-1) on ‘CD8Jr T cells contributes to ligan(i—induced
therapy-related side-effects [5,6]. Therefore improvement of DC TCR down-modulation, which occurs zia Cbl-b up-regulation in
B . , Curs g
\a(élnis is S_flear ur;met }rlnedlcal niefl. b (Chlb! i CD8" T cells. PD-L1/PD-1 interference enhances CD8" T cell
asttas bratlage ymphoma prolo-oncogens b <‘ ) v anti-tumor activities by interfering with Cbl-b up-regulation
member of a highly evolutionary conserved family of Cbl proteins, [14,15]. Further studics demonstrated that blocking of PD-1
which in mammals consists of three Cbl genes: Cbl (also termed c- o ©
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causes reduced Cbl-b expression and blocking of PD-L1/PD-1
blockade is also showing very promising results in the clinic
[16,17]. So far, the role of Cbhl-b in DC biology has not been
addressed. Substantial evidence already supports an important
role for Cbl-b in various cells of the immune system. More
precisely, Cbl-b has been described as a critical gatekeeper of
anergy avoidance pathway in T and NKT cells [18-23]. This
knowledge has recently been used to improve the efficacy of
adoptive T cell therapy by using ¢blb—/— T cells as cellular
therapy, as this renders T cells resistant to inhibitory cues of the
tumor microenvironment allowing improved cancer regression
rates [24-27]. According to this idea, we recently published that
the adoptive transfer of chlb—/— CD8* T cells in combination
with a DC vaccination in immune-competent mice significantly
delays tumor growth in various mouse tumor models [28].
Moreover, at least in defined cellular systems such as osteoclas-
togenesis or thymocyte development Cbl-b and c-Cbl have
redundant functions [29,30]. These data support the idea, that
targeting the Cbl-b pathway may be a promising strategy to
enhance anti-tumor efficacy by potentially not only interfering
with T cell but also by modulating DC biology. Based on these
ideas we systematically tested impact of cblb-deficiency on the
biological behaviour of murine DCs to finally evaluate whether
anti-tumor responses could further be improved by using ¢blb—/—
DCs instead of wildtype DCs for vaccination.

Materials and Methods

Mice

Cblb mutant mice were crossed into a CG57BL/6 background
and genotyped by PCR. Littermate control groups were used and
mice of inbred strains C57BL/6, BALB/c, C57BL/6-OT-I and
C57BL/6-OT-II were purchased from Charles River Laboratories
(Germany) and used at the age of 7-12 weeks, sex and age
matched. T cells from OT-I and OT-II mice express a transgenic
Voa2VB5.1/5.2 T cell receptor (TCR) specific for the OVA
peptides presented on H2-Kb (amino acids 257 to 264;
SIINFEKL) or on I-Ab (amino acids 323 to 339; ISOAVHAA-
HAEINEAGR), respectively. Mice were maintained under specific
pathogen-free conditions. This study was carried out in strict
accordance with protocols approved by the Institutional Animal
Care and Use Committee of the Medical University Innsbruck
(Permit Numbers: 66011/116-I11/10b/2008, 66011/146-11/3b/
2012). All surgery was performed under anesthesia, and all efforts
were made to minimize suffering.

Generation of BMDCs

BMDCs were generated following a modified protocol de-
scribed earlier [31]. Briefly, bone marrow was collected by flushing
the tibia and femora of ¢blb—/— and wildtype mice, cultured in
RPMI supplemented with 10% fetal calf serum, 2 mM L-
glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin,
0.05 mM B-mercaptoethanol and 200 U/ml granulocyte-mono-
cyte colony-stimulating factor (GM-CSF), obtained from superna-
tant of X38-Ag8 plasmacytoma cells (kind gift of A. Lanzavecchia,
Bellinzona, CH). For i vitro studies immature (not exposed to LPS)
and mature DCs induced by incubating day seven non-adherent
BMDCs with 100 ng/ml LPS (Sigma Aldrich) over night were
used. For in vivo vaccination studies we used semi-mature BMDCs
exposed for 4 hours to LPS.

Flow Cytometric Analysis of Cell Surface Marker

Cell suspensions from spleen and lymph nodes were prepared
by teasing the organs into small fragments with scissors followed by
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digestion with 0.25 mg/mL collagenase P (Roche Diagnostics) and
120 pug/mL DNase I (Roche Diagnostics) for 30 minutes at 37°C.
After digestion tissue was pressed through cell strainers (70 pm,
BD Falcon), essentially as described recently for spleen cell
suspensions [32]. Flow cytometry analyses were performed to
analyze BMDCs from wildtype and cblb—/— mice. Briefly, 1 x10°
cells in 100 uL. of flow buffer (ice-cold PBS plus 1% FCS) were
stained with fluorescently-labeled cell surface-specific primary
antibodies for 30 min at 4°C. Cells were washed twice with flow
buffer. All flow cytometry data were acquired using a multi-colour
flow cytometer (FACSCalibur or FACSAria, BD Biosciences)
equipped with the CellQuest Pro™ or FACSDiva™ software
(BD Biosciences). Staining was performed with following, directly
labeled, monoclonal antibodies: MHC II/1-A/I-E-PE-Cy7 (clone
M5/114.15.2) antibody was purchased from eBioscience, CD11c-
PerCP (clone N418), CD205/DEC-205-APC (clone NLDC-145),
CD83-FITC (clone Michel-19), MHC II/I-A/I-E-PerCP (clone
M5/114.15.2), CD80-PerCP/Cy5.5 (clone 16-10Al), CD40-PE
(clone 3/23), CD14-PE/Cy7 (clone Sal4-2), CCR7-APC (clone
4B12) from Biolegend and Macrophage Mannose receptor/
CD206-Alexa Fluor 647 (clone MR5D3) from Serotec. Data
analysis was performed using FlowJo™ software (Tree Star).

Isolation of CD4 and CD8 T cells

CD8" and CD4"OVA-specific T cells were isolated from spleen
and lymph node suspensions obtained from OT-I and OT-II
transgenic mice by using magnetic bead separation (CD4" T cell
isolation kit; CD8" T cell isolation kit; Miltenyi Biotec). Briefly,
non-CD4" or CD8" T cells were depleted using a biotinylated
antibody cocktail. The purity of both populations was assessed by
flow cytometric analysis and routinely yielded a purity of 85-95%.
The T cells from BALB/c mice for MLR were prepared by
passing spleen suspensions through cell strainer and T cells were
1solated with magnetic beads (Pan T cell isolation kit; Miltenyi
Biotec).

In vitro Antigen-specific T cell Proliferation

CD8* and CD4" OVA-specific T cells were isolated from OT-1
and OT-II transgenic mice, respectively. Wildtype and ¢cblb—/—
BMDCs were matured with 100 ng/ml LPS and primed with
SIINFEKL peptide (amino acids 257 to 264; SIINFEKL;
Proimmune) or I-Ab peptide (amino acids 323 to 339; ISQAV-
HAAHAEINEAGR; AnaSpec Inc.) overnight. BMDCs were
applied in graded doses in triplicates to 2x10° transgenic CD8"
or CD4" T cells in 96-well round-bottomed culture plates for 48
hours. Proliferation of T' cells was measured by uptake of 1 nCi
*H-Thymidine (Hartmann Analytik Braunschweig, Germany)
pulsed for the last 16-18 hours of incubation by using a B-
scintillator (MicroBeta TriLux, Perkin Elmer).

In vivo Antigen-specific T cell Proliferation Assay
CD8*OVA-specific T cells were enriched from suspensions of
lymph nodes and spleens of OT-I transgenic mice by negative
selection (Miltenyi Biotec). CD8" T cells were labeled at 2x10°
cells/ml with 2 UM carboxy-fluorescein diacetate succinimidyles-
ter (CFSE; Invitrogen-Molecular Probes) for 10 min at 37°C. The
reaction was quenched with an equal volume of FCS and cells
were washed three times with PBS/0.1% BSA. C57BL/6 recipient
mice were injected intravenously with 5x10° CFSE-labeled
transgenic CD8" T cells. 24 hours thereafter we subcutaneously
injected 5x10°® BMDCs which had been matured with 100 ng/ml
LPS and pulsed  vitro with or without 10 pM SIINFEKL peptide
(Proimmune) at 37°C overnight. Cell suspensions were prepared
from draining (inguinal) and non-draining lymph node 72 hours
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later by pressing the lymph nodes through cell strainers with the
plunger of a syringe. Groups of 3 mice per treatment were used
routinely. Proliferation of antigen-specific CD8" CFSE* T cells
was detected by the decrease of CFSE fluorescence intensity as
described earlier [33].

Cross-presentation-Assay

CD8" and CD4" OVA-specific T cells were isolated from OT-I
and OT-II transgenic mice respectively. Wildtype and cblb—/—
BMDCs were matured with 100 ng/ml LPS and loaded with
1 mg/ml OVA-protein (Sigma Aldrich) overnight. BMDCs were
applied in graded doses in triplicates to 2x10” freshly prepared
OT-I transgenic CD8" and OT-II transgenic CD4" T cells in 96-
well round-bottomed culture plates for 48 hours. Proliferation of T
cells was measured by uptake of 1 nCi *H-Thymidine (Hartmann
Analytik) pulsed for the last 16-18 hours of incubation.

Mixed Lymphocyte Reaction

For MLR experiments, suspensions of responder T cells were
cultured with mature allogeneic stimulator BMDCs. BMDCs of
C57BL/6 mice were matured with 100 ng/ml LPS for 24 hours.
T cells were purified from the spleens of BALB/c mice by negative
magnetic bead isolation (Pan T cell isolation kit, Miltenyi Biotec).
Allogeneic stimulator cells were cultured at different numbers in
triplicates with 2x10° T cells in 96-well round-bottomed culture
plates for 48 hours. Proliferation of T cells was measured by
uptake of 1 uCi *H-Thymidine (Hartmann Analytik) pulsed for
the last 16-18 hours of incubation.

Macropinocytosis

For the measurement of macropinocytosis immature BMDCs
were washed and subsequently resuspended in PBS for incubation
with 2 mg/ml FITC-dextran (Sigma Aldrich) at 37°C or at 4°C
(negative control). After 2 and 4 hours, uptake was terminated by
adding ice cold PBS containing 2% FCS and 0.01% NalNj;. Cells
were washed a further four times and analyzed by flow cytometry.
Surface binding values obtained when incubating cells at 4°C were
subtracted from values measured at 37°C.

Cytokine Secretion

Immature 1x10° wildtype and cblb—/— BMDCs were stimu-
lated in triplicates with 1 pg/ml TLR4 agonist (LPS; Sigma
Aldrich), 20 pg/ml TLR3 agonist (Poly(I:C); Imgenex) or 100 nM
TLRY agonist (CpG-ODN; TIB Molbiol) on day seven of i vitro
culture. After 24 hours, culture supernatants were collected and
analyzed for IL-12p70, IL-10, IFN-y, IL-1a, IL-6, TNF-o, KC,
MIP-1oc and MCP-1, according to the manufacturer’s manual by
Bioplex (Bio-Plex Pro™ Mouse Cytokine Standard; 23-Plex,
Group I, Biorad).

In vivo BMDCs Migration

Mycobacterium tuberculosis (IB; fc =0.125 mg; Voigt Global
Distribution Inc.) in Freund’s incomplete adjuvants (FIA; Sigma
Aldrich) was subcutaneously injected into the hock of 7-12 weeks
old female wildtype recipients under anesthesia [34]. Two days
after TB application, 5x10° 2 uM CFSE (Invitrogen-Molecular
Probes) labeled immature wildtype BMDCs and 6 pg/ml Tetra-
methylrhodamine (TAMRA; Invitrogen-Molecular Probes) la-
beled immature cblb—/— BMDCs were subcutaneously injected
in the hock of TB-FIA injected recipients and solvent injected
wildtype recipients as control for spontaneous migration under
anesthesia. The total injection volume in the hock was a maximum
of 50 ul. 24 hours thereafter migration of fluorescent-labeled
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BMDCs in the draining (popliteal) lymph node, inguinal lymph
node and spleen was measured by flow cytometry.

In vivo Tumor Model

OVA-expressing B16 tumors [35] (a kind gift of Dr. EIM. Lord
and Dr. J.G. Frelinger, University of Rochester, Rochester, NY,
USA)were induced by subcutaneous injection of 1x10° tumor cells
in the left flank of female wildtype C57BL/6 mice. Cblb—/— or
wildtype BMDCs were pulsed with 10 pM SIINFEKL peptide
(Proimmune) and stimulated with 100 ng/ml LPS for 4 hours.
2x10° SIINFEKL-loaded wildtype or chlb—/— BMDCs were
subcutaneously injected into the contralateral flank of tumor-
bearing mice, five days after tumor challenge. In all experimental
groups, tumor growth was monitored three times per week by
measuring tumor length and width with a caliper. Tumor volume
was calculated as: ((length xwidth?) x m)/6000. For survival
analysis, mice with tumors above the length limit of 20 mm were
sacrificed.

Western Blotting

BMDC:s were lysed in whole cell lysis buffer as described in [36].
After clearance of the homogenates by centrifugation, 15-30 ug of
cell-lysate were resolved on 4-12% SDS page using bis-tris-
buffered polyacrylamide gels. Proteins are electro-transferred to
polyvinylidene difluoride membranes. Membranes were then
blocked in 5% milk and probed with anti-Cbl-b (Abcam) and
anti-B-Actin (Santa Cruz), detected with HRP-conjugated second-
ary antibodies and enhanced chemoluminescence.

Statistical Analysis

The statistical analysis of the difference between mean values
was performed using the paired Student’s t-test. Overall survival is
expressed by the Kaplan-Meier method. P-values expressed as
*#p<<0.005 or *p<<0.05 were considered statistically significant.
Numbers of carried out experiments are indicated in figure
legends.

Results

Cbl-b is Highly Expressed in BMDCs and does not Affect
BMDCs Differentiation in vitro

We first evaluated, whether Cbl-b is expressed in BMDCs.
Therefore we analyzed protein expression of Chl-b by Western
blot using i vitro generated BMDCs. Cbl-b protein is readily
detectable in highly pure (80-90% CD11c" MHCITY) BMDCs but
absent in ¢blb—/— BMDCs (Figure 1A). We next tested whether
Cbl-b deficiency affects BMDC differentiation. However, no
difference in BMDCs cell yields on day seven of i vitro GM-CSF
mediated differentiation could be detected between wildtype and
¢blb—/— BMDCs (data not shown). This, however, does not
exclude that ¢blb—/— BMDC s display a different phenotype.

DEC-205 is Specifically Up-regulated in cblb—/— BMDCs

We next investigated the surface marker expression of wildtype
and ¢blb—/— BMDGs. Immature and LPS-stimulated mature
BMDCs were analyzed for the expression of common DC surface
markers by flow cytometry. Expression of BMDC markers, such as
MHC class II, CD86, CD40, CD80, CD83, CDI1lb and
macrophage mannose receptor/CD206 were not differentially
regulated in ¢blb—/— versus wildtype BMDCs (Figure 1 B/C).
However, we found a consistent increase of DEC-205 expression
in ¢blb—/— BMDCs when compared to wildtype BMDCs
(Figure 1 B/C).
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Figure 1. Cbl-b is highly expressed in BMDCs and does not affect DC differentiation. (A) Cbl-b Protein expression of in vitro generated 85—
95% pure immature BMDCs determined by Western blotting. (B) Surface marker expression of wildtype and cblb—/— BMDCs was analyzed by multi-
colour flow cytometry. The overlay histograms depict the expression of wildtype versus cblb—/— BMDC surface markers of immature cells after seven
days of culture and LPS matured cells after eight days of culture. Representative FACS plots, n=6 mice per group. The graphs in (C) depict the
percentage of CD11c"” MHC-II" and surface marker positive BMDCs either immature cells at day seven of culture or LPS matured cells at day eight of

culture. Data represent mean value = SEM; n=6, **p<0.005.
doi:10.1371/journal.pone.0065178.g001

Enhanced Proinflammatory Cytokine and Chemokine
Secretion of cblb—/— BMDCs upon TLR Stimulation

Production of cytokines and chemokines upon activation is a
key feature of DC function [37,38]. Therefore, we analyzed
proinflammatory cytokine (IL-1a, IL-6, TNF-a, IL-10, IL-12p70,
IFN-v) and chemokine (KC, MCP-1, MIP-1a) secretion of ¢hlb—/
— BMDG:s activated by different TLR agonists. Upon stimulation
of wildtype and ¢blb—/— BMDCs by the TLR4 agonist LPS,
significantly higher amounts of TNF-a, IL-6 and the chemokine
MIP-1a could be detected in the supernatant of stimulated ¢cblb—/
— BMDC:s (Figure 2). Only a slight and statistically not significant
increase in IL-lot could be detected in LPS-stimulated cblb—/—
BMDC s, whereas secretion of IFN-vy, IL-10, MCP-1 and CXCL1
(KC) was not affected by c¢blb-deficiency. Upon stimulation with
the TLR-9 agonist CpG high amounts of the proinflammatory
mediators IL-la, TNF-o0 and the chemokine MCP-1 were
detectable in c¢blb—/— versus wildtype BMDCs (Figure 2). In
contrast, treating cells with the TLR3 agonist Poly(I:C) did not
significantly alter their cytokine or chemokine secretion pattern
(data not shown). Immature, non-stimulated BMDCs served as
control and did not produce detectable amounts of cytokines (data
not shown).
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Increased Allogeneic T cell Priming Potential of cblb—/—
BMDCs

Due to the increased production of cytokines, it is tempting to
speculate that the T cell stimulatory capacity of ¢blb—/— BMDCs
is modulated. Indeed,cblb—/— BMDUCs were able to induce
stronger allogeneic T cell priming capacity compared to wildtype
BMDCs. To demonstrate this, T cells were prepared from spleens
of BALB/c mice and co-cultured with LPS-matured wildtype or
¢blb—/— BMDCs. Increasing numbers of wildtype and cblb—/—
BMDCs were incubated with a fixed number of allogeneic T cells
for 48 hours. Our results in Figure 3A depict that BMDCs of
¢blb—/— mice are significantly more active MLR stimulators
compared to wildtype BMDCs. Figure 3A shows that approxi-
mately 300 cblb—/— BMDCs could already trigger substantial T
cell responses. The difference in induced T cell proliferation
between wildtype and c¢blb—/— BMDCs increased with graded
doses of BMDCs (Figure 3A). The proliferation responses by T
cells alone or BMDC:s alone served as control and were always low
and not distinguishable between the genotypes.
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Figure 2. Cytokine and chemokine production by wildtype versus cb/b—/— BMDs after stimulation with different TLR agonists.
Wildtype and cblb—/— BMDCs were stimulated on day seven of culture with 1 ug/mL LPS or 100 nM CpG overnight for, IL-12p70, IL-10, IL-1a, IL-6,
TNF-o,, IFN-y, KC, MIP-1ot and MCP-1 measurement from cell culture supernatants were performed using Bioplex-Technology. Data represent mean
value = SEM of at least 4 independent experiments, *p<<0.05 wildtype BMDCs versus cblb—/— BMDCs.

doi:10.1371/journal.pone.0065178.9g002

In vitro Antigen-specific T cell Proliferation not Altered by
cblb—/— BMDCs

We next analyzed @ vitro activation properties of cblb—/—
BMDCs using T cell receptor transgenic mice, OVA-specific
CD4" (OT-II mice) and CD8" (OT-I mice) T cells. Therefore
SIINFEKL  or ISQAVHAAHAEINEAGR  peptide-pulsed
BMDCs were cultured with OT-I or OT-II TCR transgenic T
cells for two days. However, contrary to the MLR-data, ¢blb—/—
BMDCs are not able to induce more effective antigen specific
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CD8" or CD4" T cell responses when compared to wildtype
BMDCs (Figure 3B/C).

In vivo Antigen-specific T cell Proliferation Unchanged by
cblb—/— BMDCs

To verify the i vitro antigen-specific T' cell proliferation results
i vivo, we next analyzed the T cell-responses by intravenous
injection of CFSE-labeled TCR transgenic OT-I/CD8" T cells,
by subsequent injection of peptide or non-pulsed wildtype or
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Figure 3. Cb/b—/— BMDCs show increased allogeneic T cell proliferation but are not more effective in the induction of antigen-
specific T cell responses and cross-presentation. (A) Increased allogeneic T cell proliferation induced by cblb—/— BMDCs. LPS matured
wildtype or cblb—/— BMDCs were added in increasing numbers to 2x10° allogeneic T cells for two days. Incorporation of *H-Thymidine radioactivity
during the last 16-18 hours of culture was measured. Data represent counts per minute (mean value = SD, n=4), representative of 4 independent
experiments is shown, *p<<0.05 wildtype BMDC versus cblb—/— BMDCs (Student t-test). (B/C) No difference in antigen specific T cell proliferation
between wildtype and cblb—/— BMDCs. Wildtype and cblb—/— BMDCs were matured with 100 ng/ml LPS and primed with (B) 10 uM SIINFEKL-
peptide (OT-1) or (C) 10 uM ISQAVHAAHAEINEAGR-peptide (OT-I) on day seven of culture overnight. Graded doses of BMDCs were then co-cultured
with 2x10° antigen-specific CD8" (OT-I) or CD4" (OT-II) transgenic T cells for 48 hours. Incorporation of *H-Thymidine radioactivity during the last 16-
18 hours of culture was measured. Data represent counts per minute (mean value = SD, n=3), representative of at least 3 independent experiments
is shown. (D) Unaltered antigen specific T cell priming of cblb—/— BMDCs in vivo. C57BL/6 recipient mice were injected intravenously with 5x10°
CFSE-labeled transgenic CD8" T cells. 24 hours thereafter 5x10° wildtype versus cblb—/— BMDCs matured with 100 ng/ml LPS and pulsed in vitro
with 10 uM SIINFKEL peptide or solvent as control were injected subcutanously in the flank of the mouse. Representative FACS histogram of CFSE
dilution in OT-I transgenic T cells in the draining lymph node after injection of SIINFEKL peptide loaded wildtype versus cblb—/— BMDCs in wildtype
recipients is shown. Data represent % proliferated OT-I" T cells (mean value * SEM, one representative experiment is shown with n=3 mice per
group), G=Generation. (E/F) No difference between wildtype and cblb—/— BMDCs in cross-presentation of protein antigen. Wildtype and cblb—/—
BMDCs were cultured from day seven to day eight with 1 mg/ml OVA-protein and 100 ng/mL LPS. Graded doses of BMDCs were then co-cultured
with 2x10° antigen-specific (E) CD8" (OT-I) or (F) CD4" (OT-II) T cells for 48 hours. Incorporation of 3’H—Thymidine radioactivity during the last 16 to 18
hours of culture was measured. Data are counts per minute (mean value = SD, n=2), representative of 2 independent experiments is shown.
doi:10.1371/journal.pone.0065178.g003

¢blb—/— BMDCs. Three days thereafter, draining and non- divisions after injection of peptide-pulsed BMDCs, no matter if
draining lymph node, were evaluated for CD8" T cell proliferation wildtype or ¢blb—/— BMDCs were applied. The unloaded
by CFSE dilution (Figure 3D). Most of the OT-I" T cells in the BMDCs group elicited no proliferation and served as control
draining lymph node entered cell cycle and underwent five cell group (Figure 3D). Equal to the i vitro results, no increased
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antigen-specific T cell proliferation could be induced by ¢blb—/—
BMDCs i vivo, concluding that Cbl-b plays no relevant role in
antigen-specific T cell priming in the OVA system tested here.

Cross-presentation Capacity of cblb—/— BMDCs is not
Affected

In the next set of experiments we used the protein antigen OVA
to test the cross-presentation capacity of cblb—/— BMDCs.
Therefore wildtype and ¢blb—/— BMDCs were incubated with
soluble OVA-protein instead of peptides and @ vitro cultured with
OT-1CD8%and OT-II CD4" TCR transgenic T cells for two days.
Cblb—/— BMDCs induced proliferation rates comparable to
wildtype BMDCs (Figure 3E/F). These results indicate that the
induction of T cell responses by cross-presentation of OVA-
peptides to the MHC-I receptor and the presentation of OVA-
peptides to the MHC-II receptor is not affected by cblb-deficiency.

Unaltered Macropinocytosis in cblb—/— BMDCs versus
Wildtype BMDCs

We next analyzed the mechanisms of antigen uptake by
BMDCs wa macropinocytosis. Therefore immature BMDCs
generated from either wildtype or ¢blb—/— animals were
incubated with FITC Dextran and uptake was analyzed by flow
cytometry (Figure 4A/B). Interestingly, immature BMDCs gener-
ated from ¢blb—/— mice showed comparable levels of FITC-
dextran uptake when compared to wildtype BMDCs (Figure 4A/
B). As we could detect upregulation of cytokine secretion by
¢blb—/— BMDCs (Figure 2), we additionally tested, whether these
results could influence the ability of ¢cblb—/— BMDCs to migrate
from peripheral tissues to the T cell areas of draining lymphoid
organs.

Unaltered cblb—/— BMDCs Migration in vivo

Using an & viwo migration assay we investigated whether the
absence of Cbl-b could influence the migration potential of
BMDCs. Therefore, we induced peripheral inflammation by the
injection of TB-FIA into the hock of mice and subsequently
measured migration of differentially labeled wildtype and ¢blb—/—
BMDC:s to the draining lymph node. CFSE labeled wildtype and
TAMRA labeled ¢blb—/— BMDCs were injected into the hock
two days after induction of inflammation. 24 hours thereafter,
migration of the dye-labeled BMDCis in the draining lymph node
(Figure 5A) and non-draining lymph node as control was
measured by flow cytometry. In all experiments, dye-labeled
BMDCs were clearly detectable. BMDCs migrate best into the
local draining (popliteal) lymph node and were not detectable in
the inguinal lymph node. In solvent injected control mice the
transferred BMDC:s failed to migrate into the draining lymph node
regardless of genotype. This migration assay revealed that both,
¢blb—/— and wildtype BMDCs were able to migrate properly to
local draining lymph nodes (Figure 5A).

Cblb—/— and Wildtype BMDCs have Equal Potential as
Tumor Vaccine

To assess whether c¢blb-deficiency in BMDCs would increase
their ability to infiltrate and reject tumors, fully immune-
competent C57BL/6 wildtype mice were subcutaneously injected
with B16-OVA melanoma cells and vaccinated with semi-matured
SIINFEKL-loaded BMDCs from wildtype and ¢blb—/— donors
on day five. Control groups received PBS solvent only. While at
day 24 all mice in the untreated group had to be sacrificed due to
large tumor sizes, treatment with SIINFEKL-loaded wildtype or
¢blb—/— BMDCs substantially delayed tumor outgrowth
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(Figure 5B). However, tumor growth suppression and survival
was comparable in mice receiving ¢blb—/— BMDCs compared to

wildtype BMDCs (Figure 5B/C).

Discussion

The here presented study is based on a recently published
article of Shin-Heng Chiou et al., who postulated that the E3
ligase c-Cbl plays a critical role in DC biology [9]. They identified
a proinflammatory phenotype of ¢ccbl—/ — versus wildtype BMDCs,
which is accompanied with an increased potency as DC-based
vaccine against established tumors. So far, it was entirely unknown
whether Cbl-b is expressed and — if so — modulates DC biology.
Therefore, we have systematically compared wildtype with ¢blb—/
— BMDCGs and conclude from our data that Cbl-b has only
limited impact on the functional properties of murine BMDCs.

Our results show that Cbl-b protein is highly expressed in
murine BMDCs. Absence of Cbl-b does not inhibit BMDC
differentiation & vitro, as we were not able to detect altered
differentiation of BMDCs in a seven day culture when compared
to wildtype BMDCs. When we focused on the phenotype of
¢blb—/— BMDCs however, we were able to detect a significant
and consistent increase of the endocytotic receptor DEC-205 in
cblb—/— BMDCs, while other DC markers, such as CD206,
CD83 and CD11b or the DC activation markers MHC: class II,
CD40, CD80 and CD86 were not differentially expressed.

A hallmark of DC function is the paracrine regulation of
immune cells by production of cytokines and chemokines such as
IL-lo, IL-1B, TNF-o, IL-6 MIP-lo, and B [39—41]. One
mechanism is pathogen recognition by TLRs, which provokes
rapid activation of the immune system by inducing expression of
proinflammatory cytokines. It has recently been demonstrated that
E3 ubiquitin ligase Cbl-b degrades MyD88, a critical component
of TLR-signaling [10-13]. Whereas the stimulation of TLR4 and
TLRY mainly facilitates the activation of the MyD88 dependent
pathway which leads to the production of inflammatory cytokines,
TLR3 signaling seems to transducer its signals mainly through the
MyD88-independent pathway [42,43]. According to this concept,
we here show that there is a general trend towards higher cytokine
production upon stimulation of DCs with LPS or CpG, reaching
statistical significance for IL-1o, TNF-o for both TLR-agonists as
well as IL-6 and MIP-la for LPS and MCP-1 for CpG. This
observation is in line with the paper of Shin-Heng Chiou et al.,
which showed increased proinflammatory cytokine secretion of
ccbl—/— BMDC s after TLR stimulation. However, no alterations
in TLR3 mediated cytokine expression could be observed between
wt and ¢blb—/— BMDCs, which further confirms that Cbl-b
degrades MyD88 and the subsequent suppression of MyD88
dependent inflammatory responses. Thus Cbl-b might function as
a negative regulator of TLR triggered inflammatory responses by
directly inhibiting and degrading MyD88 [10].

Interestingly, ¢blb—/— BMDCs are more effective inducers of
an allogeneic T cell proliferation in MLR cultures, whereas their
potential to induce antigen-specific T cell responses against both,
MHC class I- or class Il-restricted OVA-peptides, was not
affected. Whereas the increased levels of proinflammatory
cytokines and chemokines could be linked to an increased
allogeneic T cell proliferation, the peptide-induced T cell
proliferation seems to be less sensitive of the modulated cytokine
milieu. This could be due to the fact that OT-I and OT-II T cells
may already be committed to activation or proliferation by just
minor stimuli, where very low concentrations of Ag are sufficient
to induce strong proliferation. Therefore the increase in cytokine
production by ¢blb—/— BMDCs may not be sufficient to influence
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OT-I and OT-II T cells in their peptide-induced proliferation
response. Activation of DCs also stimulates T cells to produce a
variety of cytokines, and recent studies suggest that some of these
cytokines may provide, next to co-stimulatory ligands and the Ag
presented by DCis, an essential third signal that is required to fully
activate T cells and avoid tolerance induction.Recent reports
further showed that stimulation of CD8" T cells with a high level
of Ag in the presence of co-stimulation can lead to strong i vitro
proliferation but the cells fail to develop effector function unless
signal 3 in the form of the cytokine IL-12 is also provided. Thus,
¢blb—/— BMDC:s are not different from wt BMDCis with regard to
the induction of Ag-specific clonal expansion but may modify
other functions, such as induction of tolerance or effector functions
[44,45], which we have not specifically addressed in this report.

To explore whether these w vitro observations also hold true
in vivo, we next tested the T cell proliferation capacity of adoptively
transferred TCR transgenic CD8*/OT-1 T cells, in response to
SIINFEKL peptide loaded wildtype versus cblb—/— BMDCs.
Consistent with the results from our  vitro studies, we were not
able to detect a difference of the i vivo T  cell proliferation induced
by wt or ¢blb—/— BMDCs.

As cross-presentation provides the immune system with an
important mechanism for generating immunity to viruses and
tolerance to self, we further tested if ¢blb—/— BMDCs could
incorporate and process proteins via the endocytotic machinery
[46]. Using this approach, we were able to demonstrate that the
processing of proteins to MHC class I and class II seems not to be
mmpaired in ¢blb—/— BMDCs. This result correlates with our
surface marker characterisation of c¢blb—/— BMDCs, as no
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alteration in the expression of the CD206 receptor could be
observed and it has been described that the mannose receptor is an
uptake receptor for OVA protein [47].

Capture of Antigens by surface receptors such as Fc-Receptors,
Mannose Receptors (e.g. CD206) or DEC-205 receptors allows
efficient delivery of the antigen to the processing compartment via
receptor-mediated endocytosis [48-50]. Antigens that fail to bind
to cell surface receptors can still be taken up by fluid phase
pinocytosis and presented by antigen presenting cells (APC) but
with much lower efficiency [51]. Of note, macropinocytosis was
not statistically different between ¢blb—/— and wt BMDCs.
However, it is also conceivable that DEC-205 expression in DCs
might be relevant for steady state function of DCs, as DEC-205 for
example has been shown to be associated with regulatory T cell
induction thereby regulating peripheral tolerance [52-55].

The capacity of DCs to migrate into T cell areas of lymph nodes
is a key event in initiating immunity, and it may represent a critical
step for the induction of an anti-tumor immune response. DCs are
also known to produce different immune stimulatory cytokines and
chemokines thereby regulating the traffic of Thl and Th2 cells
into inflamed tissue. Thus we further questioned if Cbl-b could
play a role in the migration potential of DCs into inflamed tissue
[38]. Here we could clearly show that ¢blb—/— BMDCs are as
potent in migration to local lymph nodes after subcutaneous
injection as wildtype BMDCs are. The data are in agreement with
the observation that the critical lymph node-homing receptor for
DC-migration from the periphery into the lymph node CCR7 was
not affected by cblb-deficiency (data not shown) [56,57].
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doi:10.1371/journal.pone.0065178.9g005

We next explored whether Cbhl-b deficiency might improve
therapeutic potential of a BMDC vaccine applied in the B16-OVA
model. However the vaccination of tumor-bearing animals with
SIINFEKL-pulsed ¢blb—/— BMDCs showed no difference,
neither in tumor regression nor in survival rates when compared
to wildtype BMDC application. In contrast to the data from c-Chl
deleted mice we conclude from these experiments that despite
higher DEC-205 expression and an increased expression of
proinflammatory cytokines and chemokines upon TLR-stimula-
tion, the concept of Cbhl-b targeting alone in DCis is not suitable to
increase the efficacy of DC vaccines i vivo.
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