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Interleukin (IL)-10 is a major cancer-related immunosuppressive factor, exhibiting a unique ability to hamper the
maturation of dendritic cells (DCs). We have previously reported that IL-10 induces the conversion of activated, migratory
CD1a* DCs found in the human skin to CD14*CD141* macrophage-like cells. Here, as a model of tumor-conditioned DC
maturation, we functionally assessed CD14- and CD14* DCs that matured in vitro upon exposure to IL-10. IL-10-induced
CD14* DCs were phenotypically characterized by a low maturation state as well as by high levels of BDCA3 and DC-SIGN,
and as such they closely resembled CD14+ cells infiltrating melanoma metastases. Compared with DC matured under
standard conditions, CD14* DCs were found to express high levels of B7-H1 on the cell surface, to secrete low levels of IL-
12p70, to preferentially induce TH2 cells, to have a lower allogeneic TH cell and tumor antigen-specific CD8* T-cell priming
capacity and to induce proliferative T-cell anergy. In contrast to their CD14* counterparts, CD14- monocyte-derived DCs
retained allogeneic TH priming capacity butinduced a functionally anergic state as they completely abolished the release
of effector cytokines. Transcriptional and cytokine release profiling studies indicated a more profound angiogenic and
pro-invasive signature of CD14* DCs as compared with DCs matured in standard conditions or CD14- DCs matured in the
presence of IL-10. Importantly, signal transducer and activator of transcription 3 (STAT3) depletion by RNA interference
prevented the development of the IL-10-associated CD14+ phenotype, allowing for normal DC maturation and providing

a potential means of therapeutic intervention.

Introduction

Dendritic cells (DCs) are professional antigen-presenting cells
(APCs) that are unique in their ability to initiate and main-
tain primary immune responses. Immature DCs (iDCs) can
efficiently capture and process antigens and—upon activa-
tion—migrate to draining lymph nodes, where they can present
processed antigens to naive T cells and hence induce primary
T-cell and B-cell responses. As neoplastic cells frequently pro-
duce mutated proteins that can serve as targetable tumor-asso-
ciated antigens (TAAs),! DCs should be capable of raising a
TAA-specific immune response that may lead to tumor eradi-
cation. Unfortunately, the differentiation and activation of DCs
is hampered within the tumor microenvironment, leading to an
accumulation of iDCs.? Thus, even in the presence of appropriate
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danger signals, DCs often do not function efficiently in cancer
patients owing to a pronounced immunosuppression that is
mediated by high levels of tumor-derived soluble factors, de facto
promoting T-cell tolerance or anergy rather than activation.? In
addition, tumor-derived factors can promote the accumulation
of myeloid-derived suppressor cells (MDSCs), a rather heteroge-
neous population of myeloid cells at eatly stages of differentiation
that exert potent immunosuppressive functions. MDSCs can
indeed suppress T-cell proliferation in vitro and can stimulate the
development of regulatory T cells (Tregs) in vivo.?

Interleukin (IL)-10 is secreted at high levels by tumors of
many different origins,*” in particular by progressive and met-
astatic melanoma lesions.® IL-10 is a potent regulator of DC
maturation and DC effector functions, as it can downregulate
the expression of co-stimulatory molecules and the secretion of
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pro-inflammatory cytokines including IL-12 and tumor necro-
sis factor o (TNFa).”~' IL-10 has the unique ability to inhibit
DC maturation and differentiation.”~' In line with this notion,
increased IL-10 levels in the serum of cancer patients correlate
with an increased frequency of circulating DC precursors."
Although IL-10 efficiently blocks phenotypic DC maturation
and the ability of mature DCs (mDCs) to prime T cells, IL-10-
conditioned mDCs may still be able to migrate to lymph nodes,
resulting in the induction of T-cell tolerance." Velten et al. have
described the development of a population of monocyte-like
cells during the maturation of monocyte-derived DCs (MoDCs)
exposed to IL-10 in vitro, which re-expressed CD14 on the cell
surface. Interestingly, these CD14* cells (but not monocytes and
iDCs) also express thrombomodulin (best known as CD141 or
BDCA3), a protein that is important for antigen cross-presenta-
tion.”** We have previously demonstrated that DCs exhibiting
the same phenotype (CD14*BDCA3") migrate from the human
skin upon the intradermal delivery of IL-10." These macrophage-
like cells display a poor T-cell stimulatory ability, in agreement
with the T-cell inhibitory characteristics of BDCA3* MoDC-
derived cells described by Velten et al.'® These data suggest that
IL-10 is able to convert DCs into macrophage-like cells with poor
T-cell stimulatory abilities. This was recently confirmed in a
mouse model, showing that fully differentiated DCs can adopt a
regulatory macrophage-like phenotype, a phenomenon that com-
monly occurs in tumor-bearing animals.?* Along similar lines,
ovarian cancer cells have been shown to stimulate the accumu-
lation of a CD14* cell subpopulation among maturing MoDC
through the release of IL-10.*!

Here, we demonstrate that CD14*BDCA3* DCs constitute
a physiologically relevant DC subset that predominates myeloid
cell populations that infiltrate melanoma metastases, which are
known to express high levels of IL-10.° Employing MoDCs
matured in the presence of a cytokine cocktail including IL-10,
we studied in detail the functional characteristics of CD14*
mDCs in terms of T-cell activation and pro-tumorigenic activi-
ties. In addition, we report that the IL-10-driven development
of CD14* mDCs depends on signal transducer and activator
of transcription 3 (STAT3), as it can be blocked by STAT3-
targeting small-interfering RNAs (siRNAs).

Results

Immature CD14* APCs massively outnumber CDla* DCs in
melanoma metastases and co-express BDCA3 and DC-SIGN.
We have previously shown that conditioning the human skin in
situ by IL-10 leads to a post-migrational trans-differentiation of
mature CD1a*CD83* DCs exhibiting intermediate CD11c lev-
els to immature CD14* macrophage-like cells characterized by
high levels of CD11c and BDCA3" on the cell surface as well as
by intracellular DC-SIGN expression (Lindenberg et al. submit-
ted). As metastatic melanomas are known to release high levels
of IL-10, that potentially could interfere with CD1 expression by
developing DCs,? we assessed the balance between CD1a* DCs
and CD14*BDCA3* APCs by 4-color flow cytometry analysis
in single-cell suspensions obtained from melanoma metastases
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(n = 6). In this context, CD1a* DCs were virtually absent whereas
CD14" cells were readily detectable (Fig. 1A). These CD14* cells
expressed high levels of CD11c and BDCA3 on their surface,
and the majority of them also stained positively for intracellular
DC-SIGN (Fig. 1A and B). The frequencies of metastasis-associ-
ated CD14* myeloid cells averaged 8.78% (range: 1.54-29.5%),
which is consistent with recent results from Gros et al.?* and
significantly outnumbered CD1a* DCs (average: 0.05%), range:
0.005-0.1%, Fig. 1C). Beside CD14* APCs, CD11c" myeloid
cells that expressed neither CD1a nor CD14 were detectable at a
relatively low frequency (range: 0.07-3.30%, Fig. 1C). Further
phenotypic studies revealed that both CD11¢"CD14~ and CD14*
APCs were immature, exhibiting high HLA-DR expression lev-
els but generally low levels of co-stimulatory markers. A notable
difference between these cell subsets was represented by the com-
paratively higher expression levels of the co-inhibitory molecule
B7-H1 (also known as PD-L1) by CD14* APCs (Fig. 1D). These
data indicate a disturbed DC maturation within metastatic mela-
noma lesions, leading to a rise in immature CD14* APCs exhibit-
ing a distinct CD11c"BDCA3*DC-SIGN* phenotype, with as
yet unclear functional implications.

The administration of IL-10 during MoDC maturation
promotes the development of a CD14*BDCA3* cell subpopu-
lation exhibiting a tolerogenic macrophage-like phenotype.
As comparative functional analyses of DC subsets from clini-
cal samples are complicated by low cell numbers, we turned to
an in vitro model to assess and compare the functionality of
CD14* and CD14" cells arising during IL-10-conditioned DC
maturation. Velten et al. have previously reported the trans-dif-
ferentiation of CD14*BDCA3" cells from CDla* MoDCs dur-
ing IL-10-exposed DC maturation.”® Also in our hands CD14
was expressed on fully differentiated MoDCs matured by an
inflammatory cytokine cocktail including IL-6, TNFa, IL-13
and prostaglandin E, (PGE,) in the presence of IL-10 (hereafter
referred to as CD14* IL-10-mDCs) (Fig. 2A). This CD14* cell
population also expressed high levels of BDCA3, lacked CD83
(Fig. 2A) and adopted a macrophage-like morphology (Fig. 2B),
all of which contrasted with CD14- IL-10-mDCs, yet it exhib-
ited a phenotype and morphology that closely resembled those
of skin-emigrated CD14* APCs trans-differentiated from CDla*
DC:s (Fig. S1)."” The percentage of post-maturation CD14* IL-10-
MoDC:s varied considerably between donors (as exemplified for
two subjects in Fig. 2A): in eight independent experiments the
frequency of CD14* IL-10-mDCs ranged from 3 to 95% (mean:
35.9%), which was significantly higher than the percentage
CD14* MoDCs detected upon maturation in standard conditions
(mean: 1.5%), range: 0-5%, p = 0.002 by Wilcoxon Signed Rank
test, Fig. 2C). Compared with control mDCs and CD14- IL-10-
mDCs, the CD14* IL-10-mDC population expressed lower lev-
els of the co-stimulatory molecules CD80, CD83 and CDS86,
whereas the expression levels of the inhibitory molecule B7-H1
were elevated (Fig. 2D). Similarly, the surface levels of CD16 and
DC-SIGN, both of which have previously been linked to tumor-
conditioned DCs and macrophages,**? were specifically elevated
on CD14* IL-10-mDCs. Again, the absence of CD83 and CD80
combined with expression of B7-H1 and DC-SIGN is consistent
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Figure 1. CD14*BDCA3* myeloid cells with an immature phenotype outnumber CD1a* dendritic cells in metastatic melanoma suspensions. (A) CD14
vs. CD1a staining in a representative single-cell suspension from a melanoma metastasis, upon gating of CD14*CD11c" cells to reveal their surface
expression of BDCA3 and intracellular expression of DC-SIGN. (B) CD14, BDCA3 and DC-SIGN triple-staining in a representative melanoma single-cell
suspension. (C) Percentage of CD1a* dendritic cells (DCs) vs. CD14* or CD14-CD11c" antigen-presenting cells (APCs) in single-cell suspensions from
metastatic melanomas (n = 6). CD1a was gated out of the CD14* and CD14-CD11c" APCs. **p < 0.01 in a repeated measures Friedman test with post-
hoc multiple comparisons Dunn'’s test. (D) Cytofluorometric analysis of gated CD14~ or CD14*CD11c" cells from a representative metastatic melanoma
single-cell suspension. The percentage of positive cells among total cell suspensions is indicated and markers denote fluorescence intensity of the

with the phenotype of CD14* APCs emigrated from IL-10 con-
ditioned skin explants (Fig. S1), confirming the validity of our
in vitro trans-differentiation model of IL-10-exposed MoDC
maturation. In addition, the immature state of these cells and
their BDCA3 and B7-H1 expression levels are consistent with
the phenotype displayed by the CD14* myeloid cell subset that is
abundantly found within melanoma metastases (Fig. 1).

CD14* IL-10-mDCs have a reduced T-cell stimulatory
capacity and display tolerogenic traits. In keeping with their
immature phenotype, FACS-sorted CD14* IL-10-mDCs proved
to be poor activators of naive allogeneic T, cells (Fig. 3A). While
CD14- IL-10-DCs were more proficient that their CD14* counter-
parts in this respect, they were still inferior to normally matured
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MoDC:s (Fig. 3A). To assess the ability of IL-10-mDCs to induce
proliferative anergy, allogeneic T cells were co-cultured for 8 days
with differentially matured and sorted MoDC populations, har-
vested, labeled with CFSE and re-stimulated with anti-CD3 and
anti-CD28 antibodies. Proliferation was then determined after 3,
4 and 5 days. As shown in Figure 3B, T cells primed by control
mDCs or CD14" IL-10-mDCs displayed equivalent proliferation
rates whereas CD14* IL-10-mDCs lagged behind with on aver-
age a 4-fold reduction in T-cell proliferation levels, pointing to a
proliferative T-cell anergy.

The poor ability of CD14* IL-10-mDCs to prime T, cells
was also demonstrated upon anti-CD3 antibody (OKT-3) load-
ing and co-culture with isolated CD4*CD25~ T cells, resulting
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Figure 2. A CD14"BDCA3" cell population exhibiting macrophage-like morphology and phenotype arises during the maturation of monocyte-derived
denderitic cells. (A) Expression of CD1a, CD14, CD83 and BDCA3 on immature monocyte-derived dendritic cells (MoDCs), MoDC matured for 2 d by

a mixture of prostaglandin E, (PGE,), tumor necrosis factor a (TNFa), interleukin (IL)-18 and IL-6 (mDCs), and DCs matured in the presence of IL-10
(IL-10-mDCs). (B) Light microscopic images of mDCs and FACS-sorted CD14+ and CD14~ IL-10-mDCs (400x magnification). (C) Percentages of CD14* DCs
matured in the presence (IL-10-mDCs) or absence (mDCs) of IL-10. **p < 0.01 in a Wilcoxon Signed Rank paired analysis. (D) Expression of CD83, CD40,
CD80, CD86, B7-H1, HLA-DR, CD16 and DC-SIGN on the indicated mDC subsets. Data are representative of at least eight independent experiments.
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in the production of considerably lower levels of expansion fac-
tors than those achieved with mDCs or CDI14~ IL-10-mDCs
(Fig. 3C). Next, the release of cytokines known to support and
skew T-cell responses was assessed in mDC subsets upon CD40
ligation. Both CD14* and CD14- IL-10-mDC:s released signifi-
cantly reduced levels of IL-6 (Fig. 3D) and IL-12p70 (Fig. 3E)
than control mDCs, the latter resulting in significantly lower
IL12:1L-10 ratios (Fig. 3E). After a 14-day culture, the cytokine
secretion profile of T, cells as promoted by anti-CD3-pulsed
mDC populations was determined. Control mDCs preferen-
tially induced T ;1 cells that released high levels of interferon -y
(IFNvy) and TNFa but low amounts of IL-17 and IL-6, whereas
CD14* IL-10-mDCs also induced T2 cells that secreted IL-4
and relatively high levels of the potentially immunosuppressive
cytokines IL-6 and IL-10 (Fig. 3F). Remarkably, CD14- IL-10-
mDC:s failed to induce any cytokine release by primed T, cells.
Taken together with the ability of CD14~ IL-10-mDCs to induce
normal levels of T -cell expansion, these findings constitute a
clear indication that CD14~ IL-10-mDCs can promote a selective
and profound functional anergy.

To evaluate the antigen-specific CD8* T-cell priming abil-
ity of different MoDC populations, MoDCs were loaded with
peptides covering the immunodominant HLA-A2-binding
epitope MART-1,, = derived from the melanoma antigen
Melan-A/MART-1 and co-cultured with autologous CD8p*
T-cell precursors and irradiated CD8B- autologous peripheral
blood mononuclear cells (PBMC). After a 10-day priming cul-
ture, the frequency of MART-1,, . specific CD8" T cells was
determined by tetramer (Tm) binding (Fig. 4A). Results from five
independent priming experiments clearly demonstrate the supe-
rior priming efficiency of normally matured MoDCs and the low
frequency of Tm* T cells upon priming by CD14* IL-10-mDCs
(p < 0.05, as compared with mDCs) (Fig. 4B). Interestingly,
Tm fluorescence intensity levels appeared to be lower on T cells
primed by IL-10-mDCs than on their counterparts primed by
normally matured MoDCs. This was confirmed by the com-
bined analysis of data from priming co-cultures, showing that
the differences in Tm binding levels were significant (Fig. 4C)
and hence pointing to the priming of CD8* T cells exhibiting a
relatively low binding avidity.

CD14* IL-10-mDCs display angiogenic, pro-invasive and
immunosuppressive transcriptional profiles. To obtain further
indications of the ability of CD14* and CD14- IL-10-mDCs to
influence tumor growth and local spread, we performed tran-
scriptional profiling focusing on key genes linked to angiogenesis,
invasion and immunosuppression. In Figure 5A, the fold changes
of mRNA expression levels in IL-10-mDCs as compared with
control mDCs are shown. In both IL-10-mDC populations, a rel-
ative increase in the levels of transcripts related to (1) immunosup-
pression, such as those coding for indoleamine 2,3-dioxygenase
(IDO), IL-4Ra, IL-6R, STAT3, transforming growth factor 3
(TGFR) and vascular endothelial growth factor A (VEGFA); (2)
angiogenesis, such as those encoding STAT3, VEGFA, hypoxia-
inducible factor la (HIFla), and matrix metalloproteinases 3
and 9 (MMP3 and MMP9); and (3) tumor invasiveness, such
as those coding for TGFB, MMP3 and MMP9, were observed.
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Interestingly, CD14* IL-10-mDCs exhibited a particular overex-
pression of TGFB, HIFla, MMP3 and MMP?Y, indicative of a
specific ability of this cell subset to induce endothelial migration
and tumor invasion. Further corroborating this notion, CD14*
IL-10-mDC:s released high levels of the pro-angiogenic and pro-
invasive cytokines TNFa and IL-8 (Fig. 5B).

STAT3 depletion blocks the development of CD14* IL-10-
mDCs. The JAK2/STAT3 signaling pathway has previously
been implicated in tumor-related DC suppression. To ascertain
the possible involvement of this signal transduction cascade in the
development of CD14* IL-10-mDCs, MoDCs were transfected
with a STAT3-targeting siRNA prior to maturation in the pres-
ence of IL-10. Non-targeting and CD83-specific siRNAs served as
negative and positive controls, respectively. The siRNA-mediated
depletion of STAT?3 effectively blocked the development of CD14*
DCs while facilitating the upregulation of CD80 and CD83 to
levels that were similar to those expressed by normally matured
MoDC:s (Fig. 6A). Combined data from five independent RNA
interference experiments clearly demonstrate that the depletion
of STAT3 completely abolishes the suppressive effects of IL-10
on MoDC maturation (Fig. 6B). Of note, a partial depletion
of STAT3 (Fig. 6C) was sufficient for the prevention of CD14*
IL-10-mDC development. Importantly, STAT3 knockdown also
prevented the functional impairment of IL-10-mDC:s, as indicated
by their restored allogeneic T-cell priming capacity (Fig. 7A).
Moreover, the depletion of STAT3 preserved T 1 differentiation
in spite of the immunosuppressive effects of IL-10, as evidenced by
reduced IL-2 and increased TNFo and IFNY release in allogeneic
T-cell priming experiments (Fig. 7B). Finally, the release of IL-6
by co-cultures involving STAT3-depleted cells (Fig. 7C) suggests
that STAT?3 is required for IL-10 to inhibit the production of this
immunostimulatory cytokine at the DC level (see also Fig. 3D).

Discussion

A large number of studies attest the remarkable plasticity of the
myeloid lineage. Tumors abuse this phenotypic plasticity by
secreting factors that (1) block normal myeloid differentiation
and maturation pathways, both locally and systemically, and (2)
re-direct the differentiation of myeloid cells toward the devel-
opment of immunosuppressive cell subsets that effectively inter-
fere with antitumor immunity through the induction of anergy
and Tregs.>® Consequently, tumors are often infiltrated by high
amounts of monocyte/macrophage-like cells but low numbers of
DCs, which is generally a poor prognostic indicator. A number
of in vitro studies have shown that the differentiation of DCs
from monocytes can be blocked by tumor-derived supernatants
(TDSNs) resulting in the development of CD14* M2 macro-
phage-like cells with poor T-cell stimulatory abilities,”~* or even
MDSC-like cells with T-cell suppressive activity.?® Beside mono-
cytes, fully differentiated DCs may also be recruited to the tumor
microenvironment, where they may lose their characteristic CD1
expression owing to the immunosuppressive action of 1L-10, as
shown in melanoma metastases.’*** Indeed, a growing number of
studies indicate that tumor-associated IL-10 has the unique abil-
ity to convert even fully differentiated DCs into macrophage-like
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Figure 3. For figure legend, see page 23837-6.
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Figure 3 (See previous page). T-cell stimulatory characteristics of CD14* and CD14- dendritic cells matured in the presence of interleukin-10.

(A) Allostimulation of T cells by monocyte-derived dendritic cells (DCs) matured in the absence (mDCs) or in the presence (IL-10-mDCs) of interleukin
(IL)-10 sorted by CD14 expression. Mean proliferation + SEM from n = 3 mixed leukocyte reactivity (MLR) tests. (B) After 8 d of allostimulation with
different mDC subsets, T cells were pulsed with CFSE and re-stimulated with anti-CD3 and anti-CD28 monoclonal antibodies, and proliferation was
followed over time by CFSE dilution. Data from one representative experiment out of three are shown. (C) CD4*CD25- T, cells were stimulated with
anti-CD3 monoclonal antibody (OKT3)-loaded autologous mDC populations and —after 14 d—expansion factors were measured. Data are shown as
means + SEM of n = 4 experiments, *p < 0.05. Representative microphotographs are reported (100x magnification). (D and E) Secretion of IL-6 (D) or
IL-12p70 and IL-10 (E) by mDCs and IL-10-mDCs sorted by CD14 expression, upon CD40 ligation. Mean IL-12p70 and IL-10 concentrations were divided
to obtain IL-12p70:IL-10 ratios for the indicated conditions. Data represent means + SEM from n = 5 experiments, *p < 0.05. (F) After co-culturing
CD4*CD25™ T, cells with different OKT3-loaded autologous mDC populations for 14 d, they were re-stimulated with anti-CD3 and -CD28 monoclonal
antibodies and tested for the release of interferon y (IFNvy), tumor necrosis factor a (TNFa), IL-4, IL-6, IL-10 and IL-17 (T /T, 2/T 17) 24 h later. Data rep-
resent means + SD from n = 5 experiments, *p < 0.05.
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Figure 4. Induction of MART-1 specific CD8* T cells by CD14* and CD14- dendritic cells matured in the presence of interleukin-10. (A-C) Autologous
HLA-A2* monocyte-derived dendritic cells (MoDCs) matured in the presence (IL-10-DCs) or in the absence (mDCs) of interleukin-10 (IL-10) and sorted
by CD14 expression were loaded with MART-1,, . and co-cultured with MART-1-specific CD8@* T cells in multiple (n = 6) parallel cultures per condition
per donor. (A) Representative examples of MART-1,, .. HLA-A2 tetramer binding by CD8" T cells after a single 10-d in vitro stimulation for different
mDC cultures. (B) Mean 10-d priming efficiencies (in % HLA-A2* tetramer-bound T cells) from 5 healthy donors, *p < 0.05. (C) Tetramer binding levels
(by mean fluorescence intensity) from tetramer-positive priming cultures, *p < 0.05.

Velten et al. reported the conversion of CDIla* DCs to a
CD14*BDCA3* cell subset exhibiting immunoregulatory
effects in the course of IL-10-conditioned MoDC maturation.!®
This in vitro model enabled us to sort sufficient numbers of

cells.’-2131 We have previously demonstrated the existence of an
IL-10-dependent phenotypic shift of mature CDIla* DCs into
CD14* macrophage-like cells over the course of their migra-
tion from human skin explants.””? These CD14* macrophage-

like DCs displayed poor T-cell stimulatory properties and were
characterized by BDCA3 expression."” These observations have
been confirmed by Chu et al., who have additionally shown that
dermis-derived CD14*BDCA3* DCs induce inflammation-

attenuating Tregs.*
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CD14*BDCA3* IL-10-mDCs to perform comparative transcrip-
tional and functional studies in comparison with CD14- IL-10-
mDCs and normally matured mDCs.

Previous studies have shown that the addition of IL-10 dur-
ing MoDC differentiation (prior to maturation, IL-10-iDC)
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Figure 5. CD14* dendritic cells matured in the presence of interleukin-10 display an angiogenic, pro-invasive and immune suppressive transcriptional
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presence of interleukin (IL)-10 (IL-10-mDCs), upon normalization to the values of DCs matured in the absence of IL-10 (mDCs), as assessed by qRT-PCR.
Data are means = SEM from n = 6 experiments, *p < 0.05. (B) Secretion of tumor necrosis factor o (TNFa) and IL-8 by mDCs and IL-10-mDCs sorted by
CD14 expression, upon CD40 ligation. Data represent means + SEM from n = 5 experiments, *p < 0.05.

results in high levels of CD14, DC-SIGN, CD68 and CDI16
expression.”'>* These macrophage-like cells induce T2 cells
owing to a hampered secretion of IL-12p70.%* We found similar
traits for CD14* mDCs arising during inflammatory cytokine-
induced MoDC maturation in the presence of IL-10. In fact,
the only features apparently distinguishing CD14* IL-10-mDCs
and IL-10-iDCs were higher expression levels of the macrophage
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marker CD16 and the inhibitory receptor B7-H1 (PD-L1) on the
former. In all other respects, that is, phenotypically, morpho-
logically and functionally, IL-10-iDCs proved to be very similar
to CD14* IL-10-mDCs (Fig. S2). In this regard, the presence
of B7-H1 on CDI14* APCs associated with melanoma metas-
tases indicates that they may at least in part represent IL-10-
mDCs (Fig. 1D). In contrast, CD14* IL-10-mDCs differed
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A * * Figure 7. STAT3-depleted dendritic cells matured in the presence of
09 1 1 interleukin-10 maintain allogeneic T-cell priming and T, 1-inducing
P capacities. (A) Mixed leukocyte reactivity upon RNA interference as
3 30- indicated. Means + SEM of n = 3 separate experiments are shown,
2 *p < 0.05. (B and C) Interleukin (IL)-2, tumor necrosis factor o (TNFa),
B 204 interferon vy (IFNv) (B) and IL-6 (C) release at day 6 upon RNA interfer-
% ence as indicated, for n = 2 experiments.
g 104
® i_i_i_i considerably from their CD14" counterparts, exhibiting compar-
0- atively lower levels of CD83 and co-stimulatory markers, higher
0-6"\ ‘\40\ é\ﬁt“% é\@“k levels of BDCA3, CD16, DC-SIGN and B7-H1 as well a typi-
+ + &R cal macrophage-like morphology, whereas CD14- IL-10-mDCs
° | were phenotypically and morphologically more reminiscent of
+1L-10 control mDCs. Compared with control mDCs, both CD14*
and CD14- IL-10-mDCs secreted reduced levels of IL-6 and
B M IL-12p70, a feature shared with M2 macrophages.” Altogether,
15 IL-2 these features resulted in a profound inability of CD14* IL-10-
mDCs to activate both CD4* and CD8* T cells. In addition,
10- CD14* IL-10-mDCs promoted to some extent proliferative
anergy in allogeneic T cells, whereas CD14- IL-10-mDCs did
5+ not. Conversely, CD14~ IL-10-mDC:s entirely failed to support
T, cell differentiation, inducing neither T,,1 nor T2 responses,
0- whereas CD14* IL-10-mDCs induced a balanced T 1/T 2
401 response. This might be related to the particularly relatively low

CD40 expression levels of CD14- IL-10-mDCs (Fig. 2). Both

TNFa
309 CD14* and CD14" cell subsets differed from control mDCs
20 in this respect, the latter primarily inducing the release of T ;1
cytokines including IFN+y and TNFa. Both CD14* and CD14-
10- IL-10-mDCs exhibited a relatively poor priming efficiency for
MART-1,, . -specific CD8* T cells with an apparently low
04 avidity, indicating that these DC subsets may be inefficient at

supporting antitumor immune responses. This is further sup-

IFNy ported by the fact that CD14* and CD14~ IL-10-mDCs exhibited

10004 increased levels of transcripts coding for IDO, STAT3, TGEFp,
VEGFA, IL-4Ra and IL-6R, all of which have been associated
with immunosuppressive myeloid cell subsets.?> Of note, despite

5004 these immunosuppressive features and the apparent anergy-
inducing qualities of CD14* and CD14- IL-10-mDCs, we were

ol unable to unequivocally demonstrate the induction of Treg or a

direct suppression of T-cell proliferation by either subset (data
300 IL-6 not shown). This is in line with a recent report by Gros et al.,

cytokine concentration (pg/ml)
g
g

who shown that CD14* cells infiltrating melanoma metastases

neither suppress T-cell proliferation nor positively correlate (in
200 amounts) with infiltrating Tregs.?
Beside a profound inability to support T-cell activation and
100 expansion, CD14* IL-10-mDCs also displayed a transcriptional
profile pointing to the ability of these cells to induce angiogen-
esis and invasion, again features that they share with tumor-
o4

conditioned M2 macrophages. The tumor-induced activation

cytokine concentration (pg/ml)

006"\ °<gz°\ "@3"? 6@-‘* of a HIFla transcriptional signature has been reported in mac-
¢ ¢ &K rophages, even under normoxic conditions.*® This is consistent
° I with the transcriptional and cytokine profile observed in CD14*

+1L-10 IL-10-mDCs, involving a coordinated expression of HIFla,

TGFB, VEGFA, MMP3, MMP9, IL-8 and TNFa, all of which
can contribute to tumor progression by supporting the migration
and proliferation of endothelial cells as well as tumor growth and
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invasion.>* These observations warrant further functional inves-
tigation using both in vitro generated and primary tumor-derived
CD14*BDCA3"* myeloid cells.

In our hands BDCA3 was also upregulated on mDCs that
were matured by an inflammatory cytokine cocktail per se con-
sisting of TNFa, IL-6, PGE, and IL-1B, all of which are often
present within the tumor microenvironment and can activate
tumor-conditioned DCs, macrophages and MDSCs.? Although
BDCA3 was expressed at higher levels by CD14* IL-10-mDCs as
compared with their CD14" counterparts, caution is clearly war-
ranted in the use of BDCA3 as a standalone marker to identify
tumor-suppressed myeloid cells. Rather, the combined expression
of CD14, BDCA3, DC-SIGN, CD163 and CDI16 appears to
provide a phenotypic profile that would be useful for the iden-
tification of macrophage-like cell subsets that arise in the course
of tumor-conditioned myeloid cell differentiation or maturation.
We and others have identified such cell subsets in breast, colon,
head and neck and melanoma lesions.?*¥ A phenotypically dis-
tinct human BDCA3* DC subset found in the blood and the
spleen efficiently cross-presents soluble or cell-associated antigens
to CD8* T cells."""7* The functional significance of BDCA3
for cross-presenting and tumor-suppressed DC subsets remains
unclear, yet some clues are emerging. BDCA3 (thrombomodu-
lin) is known as an anticoagulant factor that neutralizes throm-
bin and is expressed on the membrane of endothelial cells, from
which it can also be shed. BDCA3 consists of an extracellular lec-
tin-like domain and a short cytoplasmic tail that—upon throm-
bin binding—activates a PI3K/NOS3/SRC signaling axis.*” The
lectin-like domain of BDCA3 can downregulate NFkB and
mitogen-activated protein kinase (MAPK) signaling pathways,
and thus interfere with endothelial-cell activation. If BDCA3
would mediate similar effects in DCs, this might interfere with
DC maturation, drive IL-10 release and sustain a T ;2 response
skewing.*! In support of this hypothesis, BDCA3 is upregulated
by circulating mDC-2 cells upon allergen exposure, resulting in
T,2 skewing.** In addition, in vitro generated or skin-derived
CD14*BDCA3* DCs release elevated levels of IL-10.%32 Of
note, we successfully depleted BDCA3 with siRNAs but did not
observe any changes in the IL-10-induced expression of CD14
during MoDC maturation (data not shown).

Importantly, STAT3 depletion completely protected DCs
from the effects of IL-10 during maturation and ensured the
acquisition of a mature T cell-stimulatory phenotype featur-
ing high levels of CD80, CD83 and CD86, while preventing
the accumulation of CD14* mDCs. Accordingly, the allogeneic
T-cell priming and T ,1-stimulating capacities of IL-10-exposed
mDCs were preserved upon STAT3 depletion. This is in line with
previous reports indicating that STAT3 inhibition or depletion
protects DCs against the immunosuppressive effects of tumor-
associated factors like IL-6 and IL-10, prevents the upregulation
of B7-H1 (as observed on CD14* IL-10-mDCs), and preserves
the T, 1-skewing propensity of mDCs. "~

In conclusion, the exposure of maturing DCs to IL-10
may result in a STAT3-dependent acquisition of an immature
CD14*'BDCA3" macrophage-like phenotype featuring immuno-
suppressive and limited T cell-stimulatory traits as well as the
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potential to promote endothelial cell migration and tumor inva-
sion. The development of such tumor-promoting cells within the
cancer microenvironment may be therapeutically targeted by
cytokines or by agents that interfere with STAT3 signaling.

Materials and Methods

Monocyte isolation and MoDC generation. PBMCs were iso-
lated by density centrifugation (Lymphoprep; Nycomed AS)
from buffy coats obtained from healthy blood donors (Sanquin).
Monocytes were isolated from PBMCs using anti-CD14 mag-
netic microbeads, according to the manufacturer’s instruc-
tions (Miltenyi Biotec). CD14" cells were cultured at a density
of 4.0 x 10° cells/mL for 7 d in Iscove’s Modified Dulbecco’s
Medium (IMDM) (Lonza BioWhittaker) supplemented with
10% fetal bovine serum (FBS; HyClone), 100 IU/mL sodium
penicillin (Yamanouchi Pharma), 100 pg/mL streptomycin sul-
fate (Radiumfarma-Fisiopharma), 2 mM L-glutamine (Invitrogen
Life Technologies), 10 wM 2-mercaptoethanol (2-ME, Merck),
100 ng/mL granulocyte macrophage colony-stimulating factor
(GM-CSF; Berlex) and 10 ng/mL IL-4 (Strathmann Biotec),
at 37°C, 95% humidity and 5% CO,. Subsequently, a cytokine
maturation cocktail was added consisting of 50 ng/mL TNFa
(R&D Systems), 100 ng/mL IL-6 (R&D Systems), 25 ng/mL
IL-1B (R&D Systems) and 1 pg/mL PGE, (Sigma-Aldrich).
To obtain IL-10-conditioned mature MoDCs (IL-10-mDCs),
40 ng/mL IL-10 (Strathmann Biotec) were included in the martu-
ration cocktail.’**® mDCs were harvested two days later.

Cell sorting. IL-10-MoDCs were harvested and labeled with
an anti-CD14 PE-conjugated antibody (BD Biosciences) for
30 min on ice. Sorting was performed using a FACSAria (BD
Biosciences) cytofluorometer. Sorted cells were centrifuged,
counted and used in functional experiments.

Tumor dissociation. Single-cell suspensions prepared from
human melanoma metastases were handled within 24 h after
surgical removal from patients as previously described and
upon informed consent, in the context of an IRB-approved trial
conducted at the VU University medical center in Amsterdam
(The Netherlands).“® In short, the tumor specimen was minced
with a scalpel and dissociated over the course of 1-3 1-h cycles
involving 0.02% DNase and 0.14% Type IV collagenase in
IMDM. The cell suspension was then filtered through a 100 pm
sterile cell strainer and washed to remove tissue debris prior to
FACS analysis.

Flow cytometry. Cells were incubated at 4°C for 30 min
in PBS with 0.1% BSA and 0.01% NaN,, in the presence of
appropriate dilutions of FITC- or PE-labeled mouse mAbs
targeting CD83 (Coulter Immunotech), CD86, HLA-DR,
CDla, CD14, CD16, CD40, CD80 (all from BD Biosciences),
B7-H1 (BD PharMingen), DC-SIGN (BD PharMingen),
BDCA3 (Miltenyi Biotec) or appropriate IgG isotype controls
(BD Biosciences). After washing, samples were acquired on a
FACSCalibur cytofluorometer and data analyzed with CellQuest
software (BD Biosciences). For the intracellular staining of
DC-SIGN, surface markers CD14, CD1la and CDl11c were first

stained as described above. Subsequently, cells were fixed and
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permeabilized using the BD Fix-Perm kit, following manufactur-
er’s guidelines. Intracellular straining was performed for 30 min
at 4°C in 1x permeabilization buffer. Cells were then washed
once with 1x permeabilization buffer and once with FACS buffer
before analysis.

Mixed leukocyte reaction (MLR) and T, cytokine release.
To determine the functional capacity of the different DC subsets
to induce allogeneic T-cell proliferation, sorted DCs were added
at titered amounts to round-bottom 96-well tissue culture plates
(Costar) pre-seeded with allogeneic responder peripheral blood
lymphocytes (PBLs), which were obtained from PBMCs upon
the removal of monocytes with CD14 microbeads (Miltenyi).
Stimulations were performed in triplicate instances. Cells were
cultured for 5 d in IMDM supplemented with 10% HPS,
sodium penicillin, streptomycin sulfate, L-glutamine and 2-ME.
During the last 18 h of culture, 0.4 wCi/well [PH]TdR was added
(Amersham), after which cells were harvested onto fiberglass filters,
and [PH]TdR incorporation was determined using a flatbed liquid
scintillation counter (Wallac). Alternatively, DCs were added as
stimulator cells to 10° monocyte-depleted PBLs, labeled with 3 uM
5(6)-carboxyfluorescein (CFSE, Sigma Aldrich). PBL stimulation
was performed in triplicate instances. At day 6, samples were taken
from each well and T-cell proliferation was determined by flow
cytometry. To determine the levels of T-cell cytokines, superna-
tants were taken at day 6 and analyzed by flow cytometry using the
T,1/T2/T 17 CBA kit (BD Biosciences, 560484).

T,, cell differentiation. Forty thousand MoDCs were incu-
bated with 0.5 pg/mL human anti-CD3 antibody (OKT-3, eBio-
science) in 200 pL complete IMDM for 15 min at 4°C. After
incubation, MoDCs were co-cultured with 2 x 10* CD4*CD25-
T cells (isolated by magnetic bead separation using the untouched
CD4 isolation kit and anti-CD25 beads from Miltenyi, according
to the manufacturer’s instructions) for 14 d. At day 7, 10 U/mL
IL-2 (Strathmann Biotec) were added to the cultures. To deter-
mine the cytokines that were released by T cells co-cultured with
the different MoDC subsets, 1 x 10° cells were subsequently stim-
ulated with 1 pg/mL anti-CD3 (16A9) and 1 pg/mL anti-CD28
(15A9) antibodies in 200 pL complete medium (both antibodies
were kind gifts of Dr. René van Lier, Sanquin). The supernatants
were harvested the next day and tested for cytokine content with
a T, 1/T 2/T 17 cytometric bead array (CBA) according to the
manufacturer’s instructions (BD Biosciences).

Cytokine release by DCs. The different DC subsets were
analyzed for the release of IL-12p70, IL-10, IL-6, IL-18, TNFa,
VEGF and IL-8. DCs were cultured together with irradiated
(5000 rad) mCD40L-transfected J558 cells (a kind gift of Dr.
M. Kapsenberg, Amsterdam Medical Center) at a 1:1 ratio in
complete medium supplemented with 1000 U/mL IFNy (R&D
Systems). After 24 h, supernatants were collected and tested with
an inflammatory cytokine CBA (BD Biosciences).

CD8* T-cell priming. To determine the capacity of the dif-
ferent MoDC subsets to induce antigen-specific CD8+ T cells,
MoDCs were loaded with 1 pg/mLMART-1,, . (ALGIGILTV)
in the presence of 3 pg/mL B2-microglobulin (Sigma-Aldrich)
for 4-5 h at room temperature. A total of 1 x 10° peptide-loaded
DCs were cultured for 10 d together with 1 x 10¢ CD8B* T cells
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and 1 x 10° irradiated (5000 rad) CD8B" autologous PBMCs in
Yssel medium® supplemented with 1% human AB serum (ICN
Biochemicals) in a 24-well tissue culture plate. After 10 d, T cells
were analyzed by flow cytometry using PE-labeled tetramers pre-
senting the relevant epitope, as previously described.*

Proliferative T-cell anergy assay. To assess the induction of
proliferative T-cell anergy, different MoDC subsets were cultured
with PBLs (ratio 1:5) in IMDM supplemented with 10% HPS
for 8 d. Thereafter, T cells were harvested, washed with PBS con-
taining 5% FBS and incubated with 5 pM CFSE (Molecular
Probes) for 3.5 min at room temperature, and washed twice with
PBS supplemented with 5% FBS. CFSE-labeled T cells were
incubated for 1 h on ice with 2 pg anti-CD3 and 0.4 pg anti-
CD28 antibodies per 1 x 10° cells. After incubation and washing,
cells were placed in 24-well plates, coated with affinity-purified
goat anti-mouse immunoglobulin (1:100; Dako) in complete
medium supplemented with 10% HPS at a concentration of
1 x 10° cells/mL/well for 1 h at 4°C. Cells were subsequently
cultured for 5 d in a humidified 5% CO, incubator at 37°C.
After 3, 4 and 5 d of culture, T-cell profliferation was assessed by
flow cytometry.

RNA isolation and cDNA synthesis. Total RNA was isolated
from MoDCs using the RNeasy kit (QIAgen) according to the
supplier’s protocol. All isolations were subjected to on-column
DNase treatment (QIAgen) to remove any possible genomic
DNA contamination. The concentration and purity of RNA
was analyzed using the NanoDrop ND-1000 system (NanoDrop
Technologies). cDNA synthesis was performed by means of the
iScript cDNA synthesis kit (Bio-Rad) on 1 pg of RNA, accord-
ing to the supplier’s protocol. After cDNA synthesis, nuclease-
free water was added up to a final volume of 50 pL.

Primer design. Primers were designed and validated as
described previously.® Primers specific for human IDO, IL-4R-a,
IL-6R, TGER, STAT3, VEGF-A HIFla, MMP3 and MMP9
(Table S1) were synthesized by Eurogentec.

Real-time PCR. Quantitative real-time PCR (qQRT-PCR) was
performed essentially as described® on a CFX96 system (BioRad)
using the iQ SYBR Green PCR master mix (BioRad). Each PCR
reaction was performed ina 25 L volume containing 30 ng cDNA,
12.5 pL 2x iQ SYBR Green PCR master mix and 1 wL of primer
mix (10 wM forward primer, 10 wM reverse primer). The thermal
profile was as follows: 10 min at 95°C, followed by 40 cycles of
15 sec at 95°C and 30 sec at 60°C. Subsequently, a melting curve
analysis was performed which consisted of 70 cycles of 10 sec
with a temperature increment of 0.5°C/cycle starting at 60°C.
The obtained Ct value of each gene of interest was normalized
to the Ct of the reference genes as follows: Ct = Ctgoi - Cr .
Cr = (Cr \p x thyclo L% Crue % Gy )W (norm, normalized;
goi, gene of interest; ref, reference gene). Data are shown as mean
values + SEM.

siRNA transfection. Immature MoDCs were resuspended in
antibiotic free IMDM supplemented with 10% FCS, 1000 U/mL
GM-CSF and 10 ng/ml IL-4 at 1 x 10° mL, then plated out at 1
x 10° cells per well in 96-well round bottom plates (Greiner) and
transfected with 25 nM ON-TARGETplus SMARTpool RNAi
(Dharmacon) for 48 h at 37°C, 5% CO,. Transfected siRNAs
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included siRNAs specific for CD83 (L-012680-00-0005),
BDCA3 (1L-012551-00-0005) and STAT3 (1.-003544-00-
0005), a non-targeting siRNA (D-001810-10-05), as well as the
siGlo transfection indicator (D-001630-01-05). A mock (non
transfected) control was also utilized. After 48 h, transfection
medium was replaced with complete medium supplemented
with 1000 U/mL GM-CSF, 10 ng/mL IL-4 and a DC matura-
tion cytokine cocktail (2400 U/mL TNFa, 100 ng/mL IL-6,
25 ng/mL IL-1B and 1 pg/mL PGE)), alone or combined with
40 ng/mL IL-10.

Immunoblotting analysis. siRNA-transfected mDCs were
resuspended in lysis buffer containing 100 wL phosphatase inhib-
itor cocktail 1, 100 wL phosphatase inhibitor cocktail 2 (both
from Sigma-Aldrich) and 1 Complete Mini Protease inhibitor
tablet (Roche Diagnostics) in 1% NP40 in PBS. The total pro-
tein content of cell lysates was quantified in duplicate instances
by means of the BCA protein assay kit (Pierce Biotechnology).
Samples containing 15 g protein were denatured before separa-
tion on SDS-PAGE gels, after which they were transferred to a
polyvinylidene difluoride membrane (Bio-Rad) by electrotransfer.
Membranes were blocked with 5% powdered milk in PBS and
probed overnight with an anti-STAT3 antibody (Cell Signaling
Technology Inc.). After washing, membranes were incubated
with horseradish peroxidase-conjugated antibody (Dako) for 1 h
at room temperature. Immunoreactive bands were then visualized
on film using the enhanced chemiluminescence (ECL) detection

kit (Amersham Biosciences). As loading control, membranes were
probed with a monoclonal anti-f actin antibody (Sigma-Aldrich).

Statistical analyses. The frequency of DC subsets and spe-
cific T cells, cytokine release data, and transcriptional data were
compared between conditions using either paired Students t
tests, Wilcoxon Signed Rank tests, the repeated measures one-
way ANOVA with post-hoc Tukey multiple comparison analysis
or the Friedman test with post-hoc multiple comparison Dunn’s
test. The Prism 4.0 statistical software package (GraphPad
Software Inc.) was used. Differences and correlations were con-
sidered significant when p < 0.05 in two-sided analyses.
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