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Targeting dendritic cells (DC) through the release of suppressive factors is an effective means for tumors to escape
immune control. We assessed the involvement of downstream signaling through the JAK2/STAT3 and p38 MAPK
pathways in tumor-induced suppression of human DC development. Whereas the JAK2/STAT3 pathway has been
pinpointed in mouse studies as a key regulator of myeloid suppression, in human DC this is less well established. We
studied the effects of STAT3 inhibition on the suppression of monocyte-derived DC differentiation mediated by a short-
list of four predominant suppressive factors and found that pharmacological STAT3 inhibition could only counteract the
effects of IL-6. Accordingly, in testing a panel of supernatants derived from 11 cell lines representing various types of
solid tumors, STAT3 inhibition only modestly affected the suppressive effects of a minority of supernatants. Importantly,
combined interference in the STAT3 and p38 pathways completely prevented inhibition of DC differentiation by all tested
supernatants and effected superior DC function, evidenced by increased allogeneic T-cell reactivity with elevated IL-
12p70/IL-10 ratios and Th1 skewing. Combined STAT3 and p38 inhibition also afforded superior protection against the
suppressive effects of primary glioma and melanoma supernatants and induced a shift from CD14* cells to CD1a* cells
in metastatic melanoma single-cell suspensions, indicating a potential for improved DC differentiation in the tumor
microenvironment. We conclude that combined interference in the STAT3 and p38 MAPK signaling pathways is a
promising approach to overcome tumor-induced inhibitory signaling in DC precursors and will likely support clinical

immunotherapeutic strategies.

Introduction

Dendritic cells (DC) are the most powerful antigen-presenting
cells of the immune system, and play a crucial role in the induc-
tion and maintenance of immune responses.! Unfortunately,
under tumor conditions DC differentiation and activation are
inhibited by high levels of tumor-derived suppressive factors, like
IL-10, IL-6, PGE-2 and TGFR. Disturbed DC differentiation
is often accompanied by accumulation of immature myeloid
cells and the development of alternatively activated (M2) macro-
phages and myeloid derived suppressor cells (MDSC), with detri-
mental effects on T-cell immunity.>® Such a disturbed balance in
myeloid differentiation in the microenvironment of tumors may
thus seriously hamper the efficacy of anti-tumor T-cell responses.
Improving the function of DC in cancer patients is therefore a

*Correspondence to: Tanja D. de Gruijl; Email: td.degruijl@vumc.nl
Submitted: 03/15/12; Accepted: 04/12/12
http://dx.doi.org/10.4161/0nci.20365

www.landesbioscience.com

key issue in improving the outcome of immunotherapeutic treat-
ments, because restored DC function will result in more efficient
T-cell priming and may simultaneously alleviate the accumula-
tion of suppressive myeloid cells and regulatory T cells (Tregs).
In order to overcome tumor-induced suppression of DC, deeper
understanding of the underlying pathways involved in DC sup-
pression and differentiation is essential. Signal transducer and
activator of transcription-3 (STAT3) is constitutively activated
in many solid tumors®® as well as infiltrating immune effector
cells (reviewed in refs. 7 and 8) and has emerged over the past
few years as a very important negative regulator of inflammatory
responses. DC from tumor-bearing mice have increased levels
of phosphorylated (i.e., activated) STAT3 compared with DC
from naive mice.” Tumour-induced STAT3 activity negatively
regulates DC maturation by lowering the expression of MHC
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Class II, CD80, CD86 and decreasing the production of IL-12.1
Inhibition of STAT3 expression in DC through the use of small
molecule inhibitors increased T-cell responses in tumor bearing
mice.” Moreover, in vivo STAT3 inhibition counteracted abnor-
mal expansion and activation of MDSC."' A study by Hussain
et al. demonstrated that blocking STAT3 with a small molecule
inhibitor could revert immune suppression in monocytes and
macrophages from glioblastoma patients by inducing the expres-
sion of costimulatory molecules and inducing the proliferation
of effector T cells.'* Since STAT3 is activated by many differ-
ent suppressive cytokines that can be released in various com-
binations by different tumor types (reviewed in refs. 3 and 13),
blocking STAT3 activity in DC and their precursors might be
a promising generally applicable approach to overcome tumor-
induced immune suppression and could result in increased DC
functionality and anti-tumor immunity.

Another interesting suppression-related pathway is the p38
mitogen-activated protein kinase (MAPK) pathway. In a study
by Xie et al. it was demonstrated that the differentiation of
monocytes into immature DC was accompanied by activation of
the Raf/MEK/ERK and PI3K/AKT signaling pathways, whereas
p38 MAPK was identified as a negative regulator of DC differ-
entiation." Accordingly, in a mouse model of Multiple Myeloma
inhibition of p38 MAPK was shown to restore DC development
and functionality that were disturbed by tumor-derived IL-10,
IL-6 and TGFR.” The same group also demonstrated that p38
MAPK plays an important role in suppression of human DC
function by Multiple Myeloma-derived factors. Wang et al.
reported that monocyte-derived DC (MoDC) from Multiple
Myeloma patients were impaired in phenotype and T-cell stimu-
latory capacity due to elevated production of IL-6 and that these
suppressive effects could be partially overcome by inhibiting p38
MAPK activity.' Zhao et al. more recently showed that re trans-
genic mice with spontaneous skin melanoma had high serum lev-
els of IL-6 and VEGF and that the observed in vivo suppression
of DC could be overcome by systemic inhibition of p38.”

We investigated the involvement of STAT3 and p38 MAPK
signaling in the inhibition of human DC differentiation by solid
tumors. From a panel of suppressive factors (IL-10, IL-6, PGE2,
TGFR) STAT3 inhibition appeared to counteract the suppres-
sive effects of IL-6 only, while for consistent and full protection
against the suppressive effects of a range of solid tumors combined
inhibition of the STAT3 and p38 MAPK pathways was required.
Importantly, a dominant stimulatory effect on DC differentia-
tion in metastatic melanoma suspensions was observed for p38
inhibition, indicative of its therapeutic potential for conditioning
of the tumor microenvironment in support of immunotherapy.

Results

IL-10, IL-6, PGE2 and TGFf3 hamper MoDC differentiation;
STAT3 inhibition only blocks IL-6 effects. To investigate the
effect of tumor derived factors on MoDC differentiation, I1L-10,
IL-6, PGE-2 or TGF were added at the start of differentiation
at optimally suppressive and non-toxic concentrations.'”® At day
6, the phenotype of the MoDC was determined using FACS
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analysis. As shown in Figure 1A and B, normal DC differentia-
tion with GM-CSF and IL-4 (GM4) resulted in well differenti-
ated DC expressing high levels of CD1a., whereas the monocytic
marker CD14 was absent. Addition of any of the tumor-associ-
ated suppressive factors hampered DC differentiation, as demon-
strated by decreased CDla levels and maintained expression of
CD14 (Fig. 1A). Of note, TGF did not induce sustained expres-
sion of CD14. DC differentiated in the presence of any of the
suppressive factors, except for TGFp, also had reduced expres-
sion levels of the co-stimulatory molecule CD40, whereas the
levels of HLA-DR were increased (Fig. 1B). We also determined
the expression levels of the costimulatory molecules CD80 and
CD86, but no differences in levels were observed in DC differ-
entiated in the presence of tumor-derived factors compared with
the control DC (data not shown). The expression levels of the
inhibitory molecule B7-H4 on DC were increased when DC were
differentiated in the presence of IL-10 or IL-6, whereas addition
of PGE2 during differentiation did not have an effect on B7-H4
expression. Addition of TGF however, induced a subpopulation
of DC expressing high levels of B7-H4 (Fig. 1B). In these experi-
ments the effect of VEGF on DC differentiation was also deter-
mined, but addition of VEGF at concentrations of up to 200
ng/ml did not result in suppressed MoDC differentiation in our
hands (data not shown).

Whereas PGE2 and TGFf induced only marginal STAT3
phosphorylation, IL-10 and IL-6 were strong STAT3 activa-
tors (Fig. 1C). To determine whether activation of STAT3 was
responsible for the observed DC suppression, phosphorylation of
STAT3 was blocked by addition of the small-molecule inhibitor
AG490 at a maximum non-toxic dose of 10 pM during differ-
entiation. As shown in Figure 1D, blocking activation of STAT3
did not abrogate the suppressive effects of IL-10, PGE2 or TGF
on CDla MoDC differentiation. DC differentiated in the pres-
ence of AG490 and IL-10 did show a slight but nevertheless sig-
nificant reduction in the percentage of CD14* cells. The most
prominent effects of AG490 were seen in DC differentiated in
the presence of IL-6, resulting in a partial block of differentiation
inhibition as reflected by both significantly decreased percentages
of CD14" cells and significantly increased percentages of CDlov*
cells. This improved differentiation by STAT3 inhbition was
accompanied by enhanced T-cell stimulatory ability of the DC
in an allogeneic MLR (data not shown). As shown in Figure 1E,
MoDC differentiated in the presence of IL-6 had elevated levels
of phosphorylated STAT3 (pSTAT?3) that could be decreased by
addition of AG490 to the differentiation cultures, consistent with
modulation of the JAK2/STAT3 pathway.

STAT3 inhibition cannot completely prevent tumor induced
suppression of MoDC differentiation. To determine whether
inhibition of STAT3 could prevent suppression of MoDC dif-
ferentiation induced by tumor-derived supernatants, AG490 was
added to CD14* monocytes prior to the addition of 30% v/v of
supernatant derived from a panel of 11 tumor cell lines repre-
senting eight different tumor types. As shown in Figure 2 by
lower CDla and residual CD14 expression levels, the majority
of the tumor-derived supernantants (TDSN) indeed suppressed
DC differentiation, although to varying degrees. Quantification
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Figure 1. The tumor-derived factors IL-10, IL-6, VEGF, TGF and PGE-2 inhibit differentiation of MoDGC; the inhibitory effects of IL-6 alone can be
prevented by pharmacological STAT3 inhibiton. (A) Expression (in percentage positive cells) of the monocytic marker CD14 and the DC marker CD1a
by MoDC differentiated with or without the indicated suppressive factors. Shown are mean + SD from 5 experiments. *p < 0.05 compared with GM4
differentiation. (B) FACS analysis of surface expression of the markers CD1a, CD14, CD40, HLA-DR and B7-H4 on MoDC, differentiated in the presence
or absence of suppressive factors. Markers indicate fluorescence of IgG isotype controls and mean fluorescence intensities are listed. Results are
representative of three experiments. (C) Representative western blot analyses of pSTAT3, STAT3 and 3-actin expression in MoDC, differentiated in the
presence or absence (-) of the indicated suppressive factors. (D) Expression of CD14 and CD1a by DC, differentiated with or without suppressive factors
and in the presence or absence of the JAK2/STAT3 inhibitor AG490. Shown are mean + SD from six experiments. *p < 0.05 compared with the paired
condition without AG490. (E) Representative western blot analyses of pSTAT3, STAT3 and B-actin expression in MoDC differentiated in the presence of
IL-6 and treated with the STAT3 inhibitor AG490 (the latter two conditions shown for two separate donor MoDC).

of IL-6 levels in the TDSN revealed that 6 out of 11 TDSN
tested contained levels of IL-6 exceeding 100 pg/ml (see Fig. 2).
Blocking STAT3 by AG490 only significantly improved DC dif-
ferentiation in 3/11 TDLN-conditioned cultures. Of note, these
particular TDLN did contain relatively high levels of IL-6, but
even so, blocking of STAT3 did not suffice to completely abro-
gate their suppressive effects. Of note, STAT3 inhibition did not
abrogate the suppressive effects of most of the tested TDSN, and
in some cases even surprisingly resulted in increased percentages
of CD14* cells (OvCAR, A549 and C320).

Combined inhibition of STAT3 and p38 MAPK consis-
tently prevents tumor-mediated suppression of MoDC dif-
ferentiation. To determine whether the TDSN effects could be
countered by interference in the p38 MAPK pathway, the p38
inhibitor SB203580 was also tested at a maximum non-toxic dose
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level, i.e., 10 wM. As shown in Figure 3, inhibition of p38 MAPK
significantly increased the percentage of CDlar* DC even during
normal DC differentiation. Similarly, in all TDSN-conditioned
cultures p38 inhibition resulted in improved DC differentiation.
On the whole, p38 inhibition had a more profound effect than
STAT?3 inhibition. Most importantly, combined p38 and STAT3
inhibition effected optimal DC differentiation in the presence of
all tested TDSN and most effectively prevented their inhibitory
effects, regardless of tumor type. Also, for the three TDSN where
blocking STAT3 gave an unexpected increase in the percentage
of CD14* cells (Fig. 2), this effect was abrogated by combined
STAT3 and p38 inhibition.

Combined STAT3/p38 inhibition enhances T-cell stimula-
tory and Thl induction capacity of MoDC. To determine the
added value of p38 inhibition in terms of DC functionality, we
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Figure 2. STAT3 inhibition only partially interferes with MoDC-inhibitory effects of tumor-derived supernatants and in a minority of tested cell lines
only. Expression of CD14 and CD1a. (in % positive cells) by DC differentiated with or without tumor supernatants and in the presence or absence of
AG490 (STATS3i). IL-6 levels in the tested supernatants are listed. *p < 0.05 compared with the paired condition without AG490. Shown are mean + SD

selected the U373 glioma supernatant with relatively high IL-6
levels, the DC-suppressive effects of which were already effi-
ciently countered by STAT3 inhibition alone (Figs. 2 and 3). As
shown in Figure 4A, additional inhibition of p38 nevertheless
led to a significant increase in T-cell priming capacity of the DC
in an allogeneic MLR. Similarly, combined STAT3/p38 inhibi-
tion resulted in considerably higher IL-12p70:1L-10 release ratios
upon CD40L stimulation (Fig. 4B), suggestive of an enhanced
capacity of the U373-conditioned DC to induce a cell-mediated
immune response. This was confirmed by the observation of sig-
nificantly elevated levels of released Thl cytokines (IL-2, IFNy
and TNFa) in the MLR cultures which included MoDC dif-
ferentiated in the presence of both inhibitors (Fig. 4C and right
parts). Simultaneous slight decreases in IL-4 and IL-10 release
were consistent with a true Th1/Th2 switch, effected by com-
bined STAT3/p38 inhibition (Fig. 4C and left parts). Of note,
very similar effects on T-cell activation were observed when the
U251 glioma supernatant was used (data not shown), which did
require combined STAT3/p38 inhibition to abrogate its inhibi-
tory effects on DC differentiation.

A dominant role of p38 over STAT3 in primary tumor-
mediated inhibition of DC differentiation. To comfirm the
DC-stimulatory effects of combined STAT3/p38 inhibition in
primary tumors, TDSN were generated from human primary gli-
oma and metastatic melanoma cultures and tested on MoDC dif-
ferentiation in the presence or absence of the p38 and/or STAT3
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inhibitors (see Fig. 5A). Both for the glioma and the melanoma
supernatants, inhibition of p38 MAPK improved DC differentia-
tion. Combining p38 MAPK inhibition with STAT3 inhibition
did result in a slightly lower percentage of CD14 expressing cells
compared with inhibition of p38 MAPK alone. Indeed, STAT3
inhibition seemed to affect CD14 expression without inducing
CD1a* DC differentiation.

To establish effects of STAT3 and/or p38 inhibition on DC
differentiation in the tumor microenvironment, single-cell sus-
pensions from three metastatic melanoma lesions were cultured
for six days after which CD14 and CDla expression was deter-
mined by FACS analysis. In Figure 5B results from a representa-
tive experiment are shown, while average percentages of positive
cells are shown in Figure 5C. GM-CSF and IL-4 were added to
induce DC differentiation, but only resulted in the disappear-
ance of a CD14" cell population, which was further reduced by
either STAT3 or p38 inhibition. Of note, DC differentiation was
demonstrable by CDla expression only in the presence of the
p38 inhibitor, which reached significance in combination with

STAT?3 inhibition (Fig. 5C).
Discussion
DC development and activation can both be frustrated by inhibi-

tory factors commonly associated with cancer development, such

as VEGF, TGF, IL-10, IL-6 or prostanoids (of the latter most
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Figure 3. Combined STAT3 and p38 MAPK inhibition consistently prevents suppression of human MoDC differentiation by supernatants from a panel
of tumor cell lines. Eleven supernatants derived from the indicated tumor cell lines representing eight different tumor types were added during dif-
ferentiation. The percentages of CD1ar* and CD14* cells after normal DC differentiation with GM-CSF and IL-4 are indicated by the dotted lines. Shown
are mean =+ SD from three experiments. *p < 0,05 compared with differentiation without inhibitors.

notably PGE2)."%%2 These tumor-derived factors are known to be
produced at high concentrations by tumor cells, and thus provide
a mechanism by which tumor cells exert systemic suppression
on the innate and adaptive immune system. Hyper-activation of
STAT3 in tumor cells leads to production of these factors, the
transcription of which is under the control of STAT3.® From sev-
eral mouse studies it has been suggested that signaling pathways
downstream of receptors of many of these tumor-derived factors
in turn converge on the transcription factor STAT3, resulting
in STAT3 activation in tumor-conditioned DC. In this way, a
“feed-forward loop” between tumor cells and DC is formed, rein-
forcing a cycle of immune suppression and tumor growth.® These
observations suggest a crucial and generalized role for STAT3
activation in tumor-induced inhibition of DC-development.”'%
Blocking activation of STAT3 might thus be expected to provide
a generally applicable approach to overcome cancer-related DC
suppression. In human models, however, so far little evidence has
been obtained for the involvement of STAT3 in tumor induced
suppression of DC development. In this study we therefore deter-
mined whether inhibition of the transcription factor STAT3
could abrogate suppression in human DC differentiation from
monocytes induced by a panel of major tumor-derived suppres-
sive factors, namely IL-6, IL-10, PGE2 and TGFp. All tested
tumor-derived factors interfered with DC differentiation and
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functionality as expected and all factors induced STAT3 expres-
sion and activation. Beside having an effect on DC differentia-
tion as determined by CDla and CD14 expression, addition of
tumor-derived factors also resulted in reduced levels of costim-
ulatory molecules and increased expression levels of B7-H4,
a molecule that has been shown to inhibit T-cell responses.*
Accordingly, reduced MLR activity was observed for all DC
suppression-related conditions, which could be normalized by
STAT3 inhibition in the case of IL-6 only (data not shown).
Indeed, also in terms of phenotype, only the inhibitory effects
on MoDC differentiation of IL-6 could be overcome by inhibi-
tion of STAT3 through the use of the JAK2/STAT3 inhibitor
AG490. Bharadwaj et al. showed that soluble factors derived from
a pancreatic cancer cell line inhibited MoDC differentiation and
that these effects could be partially prevented by addition of the
JAK2/STAT3 inhibitor AG490 to the MoDC differentiation
cultures.”” Even though the observed counteracting effects of
AG490 were modest, like us, they linked these effects to IL-6
mediated suppression. Indeed, the IL-6/JAK2/STAT3 axis is
emerging as a major mediator of inflammation, angiogenesis
and tumor cell survival,® and now also appears to be involved in
tumor induced inhibition of human DC differentiation. Of note,
the involvement of this axis may also depend on the type of DC
precursor. In a human CD34* DC precursor model we previously

Oncolmmunology 653

. Do not distribute.

l0oSscience

©2012 Landes B



254
100
20
4 75 15+
g
% 10-
g 50
g 5
s
£ 251
0_
o i =
no inh no inh STAT3i p38i P3BI+STATSI £ 501
D
o
+ U373 supernatant S
o
7]
2500 3
B s B (L-12p70 ®
B 2000- 3 I1L-10 g
a £
3 %
® 15004 -
8 Y
2 1000-
@
£
S 500 26-
S
)
0- 20
151 %]
2
®
[
=
b
=
S
=
o~
~
=
& > o > O
O o' A o A
& N 3 \a
& x ;5‘ ¥ ‘xif
G
<&

IL-17A

IL-12p70:1L-10 -
1000+
104 5
0- 0-
51 & > o & O &
06‘0 x\f’ &?"\ x‘? «V‘S 5
@ X‘a ,\x‘.° &
D'
o &

500

IL-10 wol 12 .

3004 |
*%

| 2004
100
04

*

100+

3000+

2000+

Figure 4. Blocking both the STAT3 and the p38 MAPK pathway improves the T-cell stimulatory functions of human MoDC differentiated in the pres-
ence of U373 glioma supernatant. (A) Capacity of DC differentiated in the presence of U373 supernatant with or without the STAT3 and/or p38 MAPK
inhibitors to stimulate allogeneic T-cell proliferation, means + SD are shown, n = 4; *p < 0.05 between indicated conditions. Photographic inserts show
proliferating T-cell aggregates for the different conditions (magnification 400x). (B) Secretion levels of IL-12p70 and IL-10 by MoDC differentiated in the
presence or absence of U373 supernatant with or without the STAT3 and/or p38 MAPK inhibition; expressed in pg/ml or as IL-12p70:IL-10 ratios. Shown
are mean =+ SD from four experiments. (C) Secretion of Th1/Th2/Th17 cytokines at day 4 in the MLR cultures described under (A). Shown are mean + SD

from four experiments; *p < 0.05 between the indicated conditions.

observed a block in DC differentiation by glioma-derived super-
natants and were able to identify IL-6 as the responsible factor.?®
Whereas this inhibition could not be counteracted by STAT3
inhibition, the effects of the same glioma supernatants on DC
differentiation from CD14* monocytes could be modulated by
STAT?3 inhibition (see U251 and U373 in Fig. 2).

As tumors secrete a mixture of suppressive factors, it is not
unexpected that sole inhibition of the IL-6/STAT3 pathway
proved insufficient to overcome general tumor-mediated DC sup-
pression. This was clearly demonstrated by the effects of STAT3
inhibition on MoDC differentiation in the presence of TDSN
from a panel of 11 human tumor cell lines representing eight
different tumor types. A partial block of suppressive effects by
STAT3 inhibition was observed for only three out of the 11 cell
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lines tested. Although these supernatants contained high levels
of IL6, DC suppression induced by these supernatants could not
completely be overcome by STAT3 inhibition. Furthermore, the
phenotype of DC differentiated in the presence of three other
supernatants that contained relatively high levels of IL6 were not
affected by addition of AG490. This clearly indicates the involve-
ment of additional factors and down-stream signaling pathways
in cancer-related inhibition of MoDC differentiation.

Another possible important pathway involved in suppres-
sion of DC is the p38 MAPK pathway. MAPK are intracellular
signaling molecules involved in cytokine signaling and synthe-
sis. Various cellular stress signals can activate p38 MAPK, e.g.,
inflammatory cytokines, TLR ligands and growth factors.”
Inhibition of p38 can block the synthesis of pro-inflammatory
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Figure 5. Combined p38 MAPK and STAT3 inhibition blocks the suppressive effects of supernatants from primary tumor supernatants and improves
the differentiation of monocytic DC precursors in melanoma cultures from metastatic lesions. (A) Relative CD14 and CD1a expression levels on

MoDC differentiated in the presence of primary glioma (n = 4) or melanoma supernatants (n = 3) in the presence or absence of STAT3 and p38 MAPK
inhibitors (percentages of medium controls were set at 1). Shown are the means + SD; *p < 0.05 compared with condition without inhibitors. (B and
C) Single-cell suspensions from human metastatic melanomas were cultured for 6 d without additives or with GM-CSF and IL-4 with or without ad-
ditional STAT3 and/or p38 MAPK inhibitors. (B) FACS analyses of CD14 and CD1a expression (percentages listed) from a representative experiment and
(C) mean = SD from three independent experiments with different melanoma samples are shown. *p < 0.05 compared with the medium condition.

factors like TNFa, IL-1B, prostaglandins and IL-6,% and p38
inhibitors have therefore been clinically tested in patients with
inflammatory bowel diseases.’® In seeming contrast, DC treat-
ment with the p38 MAPK inhibitor SB203580 has been also
reported to result in a decreased release of the immunosuppres-
sive cytokine IL-10; for instance, binding of LPS to TLR4 or
engagement of the lectin-like receptor DC-ASGPR resulted in
IL-10 release which could be inhibited by p38 inhibition.?"%
Beside these effects during activation of DC, the p38 MAPK
pathway has also been implicated in the differentiation of DC.
Exposure to LPS was reported to arrest DC development but this
was prevented by p38 inhibition, leading to restored cytokine
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production and recovered activity of ERK and NFkB.* Wang et
al. demonstrated that MoDC generated from myeloma patients
were phenotypically and functionally defective as a result of high
production of IL6 and that blocking p38 in the progenitor cells
could partly overcome this.!® The latter observation is in line with
our own, i.e., that p38 inhibition can alleviate the suppressive
effects on DC differentiation of soluble factors derived from a
wide range of solid tumor types. Indeed, inhibition of p38 on
the whole had a more profound influence than STAT3 inhibi-
tion in this regard. This apparent dominance of p38 over STAT3
inhibition in countering DC suppression was confirmed in short-
term cultures of primary melanoma suspensions. In addition, we
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found that combined STAT3 and p38 interference had a pro-
found effect on the T-cell priming capacity of modulated DC,
resulting in Thl-skewed responses. The latter observation is in
keeping with findings by others, showing decreased release of
PGE2 and IL-10 and increased release of IL-12 by p38-inhibited
DC, resulting in effective Thl skewing.?**

Our findings thus point to favorable effects of p38 MAPK
inhibition in terms of breaking cancer-imposed DC suppression,
particularly in combination with STAT3 inhibition, and suggest
its utility in support of cancer immunotherapy. Small-molecule
p38 inhibitors have been clinically tested but were unfortunately

36 Moreover,

demonstrated to have an unacceptable safety profile.
caution is warranted in the clinical application of systemic p38
MAPK inhibition in the treatment of cancer, as p38 MAPK sig-
naling has been shown to control quiescence and dormancy of
disseminated micrometastases.”’” Intradermal administration of
p38-activating lentiviruses combined with a vaccine was even
shown to afford superior immune activation and tumor pro-
tection in a mouse model.*® Thus, the effects of p38 signaling
and inhibition thereof on tumor control appear to be highly
context dependent. Our observations in melanoma suspensions
from metastatic lesions suggest that p38 inhibition, alone or
combined with STAT3 inhibition, might be particularly effec-
tive in the confines of the tumor microenvironment. A previous
study showed disturbed DC differentiation in such metastatic
melanoma lesions to be IL-10 dependent.?” Apart from ensuring
proper DC differentiation from monocytic precursors, p38 inhi-
bition might also prevent conversion of monocytes to MDSC and
trans-differentiation of DC to endothelial cells in aid of angio-
genesis in the tumor.“#! In addition, p38 inhibition in the tumor
microenvironment might also prevent T-cell suppression by Tregs
induced by IL-10-modulated tolerogenic DC (i.e., Tr1).* Thus,
targeted delivery of p38 inhibitory therapeutics to the tumor
microenvironment might be the way to go. Alternatively, identi-
fication of upstream suppressive factors or downstream signaling
elements might offer druggable targets with more selective effects
on DC suppression. We were unable to link p38 signaling to DC
suppression by a specific suppressive factor (i.e., IL6, IL10, TGF
or PGE2, data not shown). This suggests that there is another
as yet unidentified p38-modulating suppressive factor common
to the tested tumor-derived supernatants, or that a combination
of suppressive factors in the supernatants targets p38 signaling.
Perhaps identification of elements signaling downstream from
p38 might open the way to more selective inhibition of DC sup-
pression without undue risk of the reported side effects of clinical
p38 inhibition or of collateral tumor outgrowth.?*

In conclusion, combined interference in both the STAT3 and
the p38 MAPK pathways may be applicable in a wide range of
solid tumor types to counter DC suppression and induce Thl
responses in tumor-conditioned microenvironments in support
of immunotherapeutic approaches.

Materials and Methods

Cells and culture conditions. The human cancer cell lines U373

and U251 (glioma), CAL-72 and MG-63 (osteosarcoma), A549
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and H1703 (non-small cell lung cancer), C320 (colon cancer),
MDA-MB-231 (breast cancer), OvCAR (ovarian cancer), A431
(skin cancer) and MKN-45 (stomach cancer) were cultured in
DMEM (Lonza, 12614F) supplemented with 10% fetal calf
serum (FCS, Hyclone, SV30160.03), 100 IU/ml penicillin
(Astellas Pharma, RVG 53418) and 100 pg/ml streptomycin
(Riemser, N2) at 37°C in a 5% CO, humidified atmosphere.
Tumor-derived supernatants were harvested from after 72 h of
culture of monolayers.

MoDC were generated as described previously in reference 43.
In short, peripheral blood mononuclear cells (PBMC) were iso-
lated from peripheral blood of normal human volunteers by den-
sity centrifugation over Lymphoprep (Fresnius, 1114547). CD14*
monocytes were isolated from PBMC by CD14 MACS (Miltenyi
Biotec, 120-000-305). After washing, the cells were differenti-
ated for 5-7 d in IMDM (Lonza, BE12-722F) supplemented
with 10% FCS, 100 IU/ml penicillin and 100 pg/ml strepto-
mycin, 100 ng/ml GM-CSF (Bayer, NDC58468-0180-2) and
1,000 U/ml IL-4 (R&D, 204-IL/CF). Suppressive factors were
added at the following optimized” concentrations: 20 ng/ml
IL-10, 50 ng/ml IL-6, 100 ng/ml PGE-2 and 150 ng/ml TGEp.
To suppress DC differentiation, 5% of 20X concentrated super-
natant®® or 30% of unconcentrated supernatant derived from
the different tumor cell lines was added during differentiation.
To inhibit STAT3 or p38 MAPK signaling, 10 pM AG490
(Invitrogen, PHZ1204) or 10 wM SB203580 (Promega, V1161)
were respectively administered 30 min. before the tumor super-
natant was added to the CD14* monocytes. After 6 d of differ-
entiation, DC phenotype was determined by FACS analysis. The
cytokine secretion profile of the DC was determined with the
human inflammation CBA kit (BD, 551811) after CD40L stimu-
lation as described in reference 44.

Primary glioma tumors were brought directly into culture
after surgery of the patient (as described by Lamfers et al.),
while melanoma suspensions from surgically removed metastatic
lesions were similarly cultured upon cryopreservation; see para-
46

graph below for details. Supernatants were collected within the
first five passages of these tumor cells, by plating a confluent con-
centration of cells and allowing them to secrete factors for 72 h.

Antibodies and flow cytometry. PE- or FITC-labeled anti-
bodies directed against human CD14 (BD, 345784), CDla
(BD, 555807), CD83 (Beckman Coulter, PNIM2218U),
CD86 (BD, 555657), CD40 (Beckman Coulter, PNIM1936U),
BDCA3 (Miltenyi Biotec, 130-090-513), CD80 (BD, 557226)
and HLA-DR (BD, 347401) were used for flowcytometric
analyses, with non-human specific IgGl antibodies as controls
(BD, 345815/345816). Antibody staining was performed in PBS
(Braun Melsungen, 362-3140) supplemented with 0.1% BSA
(Roche Diagnostics, 10735094001) and 0.02% sodium-azide
(Merck, 1066880100) for 30 min at 4°C. Stained cells were ana-
lyzed on a FACScalibur (BD Biosciences) using Cell Quest soft-
ware (BD, version 6.0).

Western blot analysis. Western blot analysis was used to
assess the activation state of STAT3 essentially as described in
reference 26. Cellular lysates of MoDC differentiated with the
different tumor-derived factors were dissolved in 6X Laemmli
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sample buffer with 2-mercaptoethanol (Merck, 8057400250) and
boiled at 95°C for 5 min. Samples and Smartladder molecular
weight marker (Eurogentec, MW-1700-02) were electrophoresed
through a denaturing 7% sodium dodecyl sulfate-polyacrylamide
gel and protein bands were electroblotted onto a PVDF protein
membrane (BioRad, 1620176). Proteins were detected using
anti-(p) STAT3 antibody (Cell Signaling 9131S and 9132) and
HRP-conjugated goat anti-rabbit IgG (Dako, P0448), all used
ata 1 in 2,500 dilution. As a loading control, blots were incu-
bated with mouse anti-B-actin (Sigma, A5441), ata 1 in 10,000
dilution and HRP-conjugated rabbit anti-mouse IgG (Dako,
P026002), at a 1 in 2,500 dilution. Blots were developed with
enhanced chemoluminescence (GE Healthcare, RPN2132) onto
ECL hyperfilm (GE Healthcare, 28906837).

Mixed leukocyte reaction and T-cell cytokine profiling.
Mixed leukocyte reaction (MLR) was performed with 5-7 d-dif-
ferentiated immature MoDC that were added as stimulator cells
to round-bottom, 96-well, tissue-culture plates (Greiner, 650180)
at indicated graded doses. As responder cells, 10° peripheral blood
lymphocytes (PBL) labeled with 3 WM 5(6)-carboxyfluorescein
(CFSE, Sigma Aldrich, 21888) per well were used, which were
obtained from PBMC after monocyte depletion by MACS using
anti-human CD14 microbeads (Miltenyi Biotec, 120-000-305)
and following the manufacturer’s instructions. Stimulation of
PBL was performed in triplicate. Unstimulated PBL were used
as negative controls. Cells were cultured in IMDM (Lonza,
BE12-722F) supplemented with 10% human serum (Sanquin,
K1147), 100 IU/ml penicillin and 100 pg/ml streptomycin for

up to 9 d. Starting at day 5, samples were taken daily from each
well and T-cell proliferation was determined with FACS analy-
sis. To determine the levels of T-cell cytokines, supernatants
were taken at day 4 and analyzed by flow cytometry using the
Th1/Th2/Th17 CBA kit (BD, 560484).

Metastatic melanoma cultures. Melanoma samples were col-
lected from advanced-stage patients, who were enrolled in an
IRB-approved clinical study of autologous whole-cell vaccination
at the VU University medical center between 1987 and 1998,
in accordance with the Helsinki Declaration of 1975.% Cell sus-
pensions were processed and cryopreserved within 24 h of sur-
gical removal as described by Vermorken et al. The cells were
thawed and resuspended in IMDM with 10% FCS, 100 1U/ml
penicillin and 100 pg/ml streptomycin and seeded in 48-well
plates at a concentration of 1 X 10°/ml. GM-CSF, IL-4, AG490
or SB203580 were added as described above in the “Cells and
culture conditions” paragraph. Six days later the cells were har-
vested, stained for CD1a and CD14, and analyzed by FACS.

Statistical analyses. Paired Student’s t-tests (two-tailed) were
performed to determine significant differences between condi-
tions. Values of p < 0.05 were considered statistically significant.
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