ORIGINAL RESEARCH
Oncolmmunology 3:9, €955331; October 1, 2014; © 2014 Taylor & Francis Group, LLC

Tumor stroma-derived factors skew monocyte to
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Tumor-associated stromal myofibroblasts are essential for the progression and metastatic spread of solid tumors.
Corresponding myeloid cell infiltration into primary tumors is a negative prognostic factor in some malignancies. The
aim of this study was to define the exact role of stromal myofibroblasts and stromal factors in early prostate carcinoma
(PCa) regulating monocyte infiltration and differentiation into dendritic cells (DCs). Epithelial and stromal primary
cultures were generated from PCa biopsies and their purity confirmed. Stromal cells produced significantly more of the
(C—CQ) motif chemokine ligand 2 (CCL2), interleukin 6 (IL-6) and transforming growth factor B (TGFB) than epithelial
cells. Monocyte chemoattraction was predominantly due to stromal-derived factors, mainly CCL2. DCs generated in the
presence of stromal (but not epithelial) factors upregulated CD209, but failed to downregulate the monocyte marker
CD14 in a signal transducer and activator of transcription 3 (STAT3)-dependent manner. Monocytes exposed to stromal
factors did not produce detectable amounts of IL-10, however, upon lipopolysaccharide stimulation, stromal factor
generated dendritic cells (sDC) produced significantly more IL-10 and less IL-12 than their conventional DC
counterparts. sDC failed to cross-present tumor-antigen to CD8" T cells and suppressed T-cell proliferation. Most
importantly, sDC expressed significantly elevated levels of programmed cell death ligand-1 (PD-L1) in a primarily STAT3
and IL-6-dependent manner. In parallel with our findings in vitro, tumor-infiltrating CD14* cells in situ were found to
express both PD-L1 and CD209, and a higher percentage of tumor-associated CD3™ T cells expressed programmed cell
death-1 (PD-1) molecules compared to T cells in blood. These results demonstrate a hitherto undescribed, fundamental
contribution of tumor-associated stromal myofibroblasts to the development of an immunosuppressive
microenvironment in early PCa.

Introduction

A complex stromal network consisting of activated fibroblasts,
immune cells, blood vessels and extracellular matrix support epi-
thelial tumor development. The interactions between the differ-
ent stromal components are necessary for tumor growth and
cancer cell survival, in part by enabling tumor cells to evade
immune recognition, a recognized hallmark of cancer.' This
study seeks to elucidate how soluble factors produced by prostate
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cancer (PCa) tumor-associated fibroblasts contribute to local
immune inhibitory mechanisms, focusing on their effect on den-
dritic cell (DC) differentiation. PCa is an inherently immuno-
genic cancer, as evidenced by a positive correlation between the
frequency of CD8" tumor-infiltrating T-cells and prostate spe-
cific antigen recurrence-free survival.” A variety of immunothera-
peutic approaches are being developed to target PCa, with the
majority of trials conducted in metastatic PCa.” In the case of
advanced disease, the tumor environment is considered to be
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highly immunosuppressive.” However, the developmental pro-
cess giving rise to the immunosuppressive microenvironment at
the primary site and the individual role of epithelia and stroma
in contributing to this phenomenon have not been well studied.
This is possibly due to the relative difficulty of generating suffi-
ciently pure primary cell cultures’ and the dominance of studies
employing a limited number of established PCa cell lines of met-
astatic origin.

A diverse range of myeloid cells that produce anti-inflamma-
tory cytokines and display immunosuppressive functions infil-
trate prostate tumors, including monocytes, macrophages that
can be type-1, or -2 polarized (M1 and M2, respectively) and
myeloid-derived suppressor cells (MDSCs).%1° CD68™ myeloid
cells in PCa tissue were found to localize in the stroma in low
grade cancer whereas these monocytes were found dispersed
throughout the tissue in high grade PCa,"! indicating both an
early and sustained role for these cells throughout tumor progres-
sion. Myeloid cell infiltration into malignant tissues has been
shown to result from chemoattraction mediated by (C—C) motif
chemokine ligand (CCL2) and stromal-derived factor-1 (SDF-1/
CXCL12)."*'> While both stromal and epithelial cells can release
these chemokines,'>'* the exact contribution of the different cel-
lular components to myeloid cell chemoattraction has not been
studied in primary PCa. There is also little information available
about the role of stroma in early PCa contributing to the devel-
opment of myeloid-derived DCs. We examined the effects of sol-
uble factors derived from primary PCa epithelial cells (PCaEp)
and stromal cells (PCaSt) on monocyte attraction and differentia-
tion into DCs as well as the function of stromal-conditioned DC.
We show that PCaEp have minimal chemoattraction for myeloid
cells while PCaSt-derived factors efficiently attract monocytes in
a predominantly CCL2-mediated manner. PCaSt also drastically
skews monocyte-DC differentiation, resulting in cells that retain
CD14 surface expression and significantly upregulate the expres-
sion of the inhibitory marker programmed cell death ligand-1
(PD-L1). These CD14" DC are immunosuppressive and incapa-
ble of cross-presenting tumor antigen to T cells. The immune
regulatory effect of PCaSt-derived factors is mediated via the
rapid activation of the signal transducer and activator of tran-
scription-3 (STAT3) pathway in granulocyte macrophage col-
ony-stimulating factor (GM-CSF) and interleukin (IL-4) treated
monocytes. Our results provide compelling evidence that tumor-
associated stromal fibroblast factors significantly affect the gener-
ation of immunosuppressive DCs that aid in PCa immune eva-
sion. These conclusions point toward the importance of targeting
not only carcinoma cells but stromal cells as well in PCa in order
to improve clinical outcome.

Results

Development of PCa-derived primary epithelial and stromal
cell cultures

The majority of in vitro PCa studies utilize the cell lines
LNCaP, DU145 and PC3. These were derived from metastatic
lesions decades ago and are thus unlikely to represent the primary
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tumor site.” To better understand the primary PCa environment,
we established epithelial (PCaEp) and stromal (PCaSt) primary
cultures from fresh PCa biopsies by plating dissociated cells in
distinct culture media. Morphologically, PCaEp appeared
rounded, forming cobblestone-like monolayers, whereas stromal
cells displayed a fibroblast-like morphology (Fig. 1A). The
absence of a-smooth muscle actin (0—SMA) in the PCaEp and
of cytokeratin (CK) in the PCaSt preparations demonstrated the
purity of these cultures (Fig. 1A). CK5/CK14 expression studies
with a sensitive europium-based detection method suggested a
low level of basal marker expression (2.5-fold increase of CK14
signal over isotype), consistent with relatively scarce basal epithe-
lial cells in PCaEp cultures (Fig. 1Bi). The expression of luminal
epithelial cell markers, CK8/CK18, confirmed heterogeneity of
the PCaEp cultures (Fig. 1Bii). Levels of CK8/CK18 were lower
in the PCaEp cells relative to DU145 cells, but similar to that
detected in LNCaP cells (Fig. 1Bii). No expression of a-SMA
was detected in PCaEp cultures confirming that no contaminat-
ing PCaSt cells were present (Fig. 1A, Biii). Prostate stroma has
been identified by expression of vimentin and a-SMA."> Vimen-
tin expression levels in the PCaSt were consistent with those
observed in human foreskin fibroblasts (HFF) (Fig. 1Ciii), sug-
gesting PCaSt are of mesenchymal origin. Presence of a-SMA
was also observed in PCaSt (Fig. 1A, Ciii), consistent with a
myofibroblastic phenotype. To detect potential epithelial cell
contamination, the CK markers were analyzed and to detect
potential smooth muscle cell contamination, analysis of the
marker Desmin' was included. PCaSt and HFF cells were both
negative for cytokeratins, confirming the absence of epithelial cell
contamination (Fig. 1Cij, ii), while the lack of Desmin indicates
no contaminating smooth muscle cells (Fig. 1Ciii). These data
provide evidence that the stromal and epithelial primary cultures
are morphologically and histologically distinct.

PCa-derived primary PCaEp and PCaSt have distinct
cytokine profiles

Determining the cytokine profile of both PCaEp and PCaSt is
essential for understanding the influence they can have on
immune cell infiltration in the tissue. Having normalized for cell
number, a cytokine array revealed that while IL-8, chemokine
(C—X—C) motif ligand 1 (CXCL1), endothelial plasminogen
activator inhibitor E1 (SERPIN)-E1 (also known as plasmino-
gen activator inhibitor 1 (PAI-1)) and macrophage migration
inhibitory factor (MIF) were released at relatively high levels by
both cell types, notable differences were observed for the produc-
tion of several factors (Fig. 2A, B). PCaEp cell cultures produced
high levels of GM-CSF, IL-1, IL-1 receptor antagonist (IL-1Ra),
interferon-y-induced protein 10 (IP-10 or CXCL10), IFN+y and
interferon-inducible T cell « chemoattractant (I-TAC or
CXCL11) in comparison to PCaSt cultures (Fig. 2B). In con-
trast, PCaSt robustly produced CCL2 and somewhat higher lev-
els of IL-6, (C—C) motif chemokine ligand 5 (RANTES or
CCL5), CD54, IL-13 and IL-17, than their PCaEp cell counter-
parts (Fig. 2B). Analysis of transforming growth factor 3
(TGFB) by enzyme-linked immunosorbent assay (ELISA) dem-
onstrated that PCaSt produced >8 times more TGF compared

Volume 3 Issue 9



Figure 1. Characterization of prostate can-
cer-derived epithelial and stromal primary
cultures. Primary prostate tumor speci-
mens were dissociated and cells plated in
epithelial or stromal cell media to derive
prostate epithelial (PCaEp) or prostate stro-
mal (PCaSt) cell cultures. Cells were stained
using antibodies against the indicated
markers and immunofluorescent detection
and microscopy (A) or Europium-based
detection was carried out to quantify the
relative expression level of the indicated
markers (B and C). (A) Phase contrast (20X;
bar = 100 pm, top image) and immunoflu-
orescent imaging (40X; bar = 50 um) of
epithelial (left) and stromal (right) cells at
passage 2. Epithelial cells were identified
using markers cytokeratin (CK) 5, 8, 14 and
18, whereas «-smooth muscle actin
(a-SMA) was used to identify stromal cells.
(B and C) Relative expression levels of
markers using DELFIA® Europium-based
detection method. Dotted lines represent
the isotype controls. (B) Mean+SEM of
expression of basal markers CK5/14 (i),
luminal markers CK8/18 (ii) and a-SMA (iii)
in epithelial (PCaEp) cultures, calculated
from the means from triplicates for 8 donor
biopsies and from PCa cell lines LNCaP and
DU145 (triplicates), as indicated. (C) Mean-
+SEM of CK5/14 (i), CK8/18 (ii) and Vimen-
tin and o-SMA (iii) expression in stromal
(PCaSt) cultures, calculated from 11 donor
biopsies and human foreskin fibroblasts
(HFF) calculated from triplicates samples.
Statistical analysis was performed by
unpaired Student’s t-test; ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05.

with PCaEp cell cultures derived from
the same biopsy (Fig. 2C). Further
ELISA of the cytokines produced by
PCaSt versus PCa cell lines (DU145 or
PC3) or human foreskin fibroblast
(HFF) confirmed secretion of relatively
higher levels of hepatocyte growth fac-
tor (HGF) but relatively lower levels of
vascular  endothelial growth factor
(VEGF) and stromal cell derived factor-
1 (SDEF-1). Taken together, the results
indicate that PCa stroma is the primary
producer of CCL2 and IL-6 with poten-
tial regulatory effects on myeloid cells.

PCaSt are more chemoattractive
to monocytes than PCaEp

To elucidate the chemoattractive

potential of primary PCaEp- and PCaSt-derived soluble factors,
monocytes were migrated for 4 h toward conditioned media
(CM) from epithelial (PCaEp-CM) or stromal cells (PCaSt-
CM), respectively, and counted. The serum-free PCaEp media
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alone supported no spontaneous monocyte migration and migra-
tion was not induced even when 50% CM was added (Fig. 3A).
PCaSt media alone supported some spontaneous migration of
monocytes (2-18%); in addition, stroma CM was highly
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Figure 2. The cytokine profiles of prostate
cancer-derived primary epithelial and stro-
mal cultures. Secreted cytokines from the
distinct cultures obtained from primary
prostate tumor cells cultured in epithelial
versus stromal selective media were ana-
lyzed via a cytokine array (A and B) and
ELISA (C and D). (A) Scanned images of
cytokine arrays from conditioned media
obtained from epithelial (PCaEp) (i) and
stromal (PCaSt) cultures. (ii). Highlighted
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(D) Mean + SEM of growth factor concen-
trations of hepatocyte growth factor (HGF)
(i), vascular endothelial growth factor
(VEGF) (ii) and stromal-derived factor-1a
(SDF-1a) (iii), determined by ELISA from
conditioned media of PCaSt cultures, nor-
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chemoattractive, triggering a 2-3 fold increase in monocyte
migration toward PCaSt-CM in a dose-dependent manner from
all donors studied (Fig. 3A). We evaluated the regulation of
monocyte migration by CCL2 using recombinant CCL2.
Increased numbers of monocytes migrated at all concentrations
studied, with the effects of 0.01 and 0.1 ng/mL being significant
(p < 0.01; Fig. 3B). CCL2 concentrations produced by 3 differ-
ent PCaEp cultures varied between 0.05-0.1 ng/mL while in 4
different PCaSt cultures, CCL2 concentrations varied between
2-15 ng/mL (Fig. 3C), suggesting that CCL2 levels in PCaSt-
CM are sufficiently high to regulate monocyte migration. In
order to determine the tumor-specificity, the levels of CCL2 in
the CM from PCaSt cultures were compared to the levels in CM
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from 2 out of 4 biopsies (Fig. 3C).
Finally, to assess how much of the che-
moattraction in PCaSt-CM is CCL2-
mediated, CCL2 was neutralized using a blocking antibody
(2 pwg/mL). The percentage of monocytes that migrated in the
presence of blocking antibody was significantly reduced in both
donors, by 88% and 85% respectively, when compared to the
CM-free control (Fig. 3D), confirming that stromally produced
CCL2 is largely responsible for the regulation of monocyte
migration into the tumor.

PCaSt-CM alters DC differentiation

Studies in prostate, colorectal, breast, renal cell and pancreatic
carcinomas have indicated that the presence of myeloid cells in
the tumor tissue correlates with an unfavorable prognosis.'®'!?

However, relatively littde is known about the immunologic
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Figure 3. Monocytes are chemoattracted by
stromal cell-derived chemokine CCL2. Condi- 3
tioned culture media from primary prostate 50 50
tumor epithelial or stromal-derived cell cultures
were analyzed for their abilities to stimulate
migration of monocytes. (A) The percentage of
input monocytes that migrated toward 0-10-
50% conditioned media either from prostate
cancer epithelial cultures (PCaEp-CM) (3 donors;
left panel), or from prostate cancer stromal cul-
tures (PCaSt-CM) (4 donors; right panel). Each
bar represents the mean + SEM of the percent-
age of migrated monocytes from 6 replicates
(duplicates of 3 independent PCaEp-CM or
PCaSt-CM, respectively). (B) Percentage of input 0
monocytes that migrated in the presence of
recombinant (C-C) motif chemokine ligand 2
(CCL2) at the indicated concentrations (0, 0.001,
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Figure 4. Conditioned media from prostate cancer stromal cells inhibits dendritic cell differentiation. Conditioned culture media from primary prostate
tumor epithelial (PCaEp-CM) or stromal (PCaSt-CM) cell cultures were analyzed for their abilities to inhibit monocyte differentiation to dendritic cells
(DCs). Monocytes stimulated with 50 ng/mL GM-CSF and 500 U/mL IL-4 in the presence or absence of 50% PCaSt-CM or PCaEp-CM were monitored for
DC differentiation (downregulation of CD14 and upregulation of CD209) by immunofluorescence staining and flow cytometry. (A) Representative dot-
plots for CD14 and CD209 expression on DCs cultured in the absence (DG; first dot plot) or presence of 50% PCaSt-CM (sDC) from 3 independent primary
cultures (sDC1-3) as indicated. The numbers demonstrate the percentages of CD14'CD209™ cells. (B) Summary of the phenotype of day 5 DC (black) or
sDC (gray) from 5 healthy donors. Bars represent the mean + SEM of the percentage of CD14 CD209™ cells. PCaSt-CM treatment was carried out in dupli-
cates with 3 independent PCaSt-CM, and in triplicates without PCaSt-CM. (C) DCs were generated from monocytes from 2 healthy donors in the presence
of 50% of either PCaSt- or normal stroma-CM from 2 independent biopsies (1 = black, 2 = gray) and percentages of CD14™" cells were analyzed by flow
cytometry. Bars represent the relative mean percentage + SEM of CD14" cells generated with normal stroma CM in triplicates, compared to the values
obtained with PCaSt-CM (dotted line, 100%). (D)(i) Representative dot-plots of the full phenotypic analysis of DCs generated in the absence (DC; first row
of dot plots) or presence (sDC; second row of dot plots) of 50% PCaSt-CM. The gates highlight the cells in the phenotype group indicated above the dot
plots. The percentage values refer to the monocyte gate as the parent gate. (i) Percentages of CD14"/CD16"/CD68"/CD15 /CD124" cells present in DC
or sDC generated from 2 healthy donors. Bars represent the mean + SEM of the percentage of cells with the above phenotype from triplicates for DC or
6 replicates (duplicates of 3 independent PCaSt-CM) for sDC. (E)(i) Representative histogram of programmed cell death ligand-1 (PD-L1) expression on
DCs treated with 0% (DC) or 50% PCaSt-CM (sDC). (E)(ii) Flow cytometry analysis indicating time-dependent upregulation of PD-L1 on DC or sDC.
Mean + SEM of % PD-L1" cells from triplicate cultures are shown. (F) Summary of PD-L1 expression on day 5 DC (black) or sDC (gray) generated from 5
healthy donors, (the latter with 3 independent PCaSt-CM). Mean + SEM of PD-L1 expression levels as reported by mean fluorescence intensity (mfi) from
triplicates are shown. (G) Percentages of CD14" PD-L17 cells generated from 4 healthy donors in the presence of 50% PCaEp-CM (Ep — black bars) and
50% PCaSt-CM (St - gray bars) derived from one biopsy. Mean -+ SEM of CD14TPD-L17" (percentage positive cells) from triplicates are shown. Statistical
analysis was performed by two-way ANOVA; ****p < 0.0001, ***p < 0.001, **p < 0.01,*p < 0.05.
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PCaSt-CM induces the upregulation of the immune
checkpoint ligand PD-L1 on DCs

There are several mechanisms by which myeloid cells suppress
antitumor immune responses, including via the inhibitory PD-1/
PD-L1 pathway. PD-1 expression on T cells can be a sign of
recent activation or exhaustion due to chronic stimulation,
whereas PD-L1 is frequently expressed on tumor cells or tumor-
infiltrating myeloid cells.”” We tested whether PD-L1 expression
is upregulated on sDC. Stromal conditioning induced a highly
significant increase in PD-L1 expression on sDC (Fig. 4Ei). PD-
L1 expression was significantly elevated already at 24 h after
monocyte treatment with GM-CSF/IL-4 in the presence of 50%
PCaSt-CM and its level continued to rise with time (Fig 4Eii).
On day 7, PD-L1 expression was significantly elevated on sDC
generated from all 5 donors studied (Fig. 4F). The percentage of
CD14% PD-L17" cells, induced by PCaSt-CM was significantly
higher in 3 out of the 4 donors than that induced by PCaEp-CM
(Fig. 4G), confirming that soluble factors from PCaSt cells have
a greater effect on monocyte differentiation than those secreted

from PCaEp cells.

PCaSt-CM alters the cytokine profile and T-cell stimulatory
function of DCs

To test the nature of DCs generated in the presence of PCaSt-
CM, DCs were stimulated with lipopolysaccharide (LPS) and
IL-12 and IL-10 cytokine levels were measured. DCs derived in
the presence of PCaSt-CM produced significantly less IL-12 in
response to LPS in comparison to DCs differentiated in the
absence of conditioned media (p < 0.001; Fig. 5A) In contrast,
IL-10 secretion was significantly elevated in LPS-stimulated DCs
derived in the presence of PCaSt-CM (p = 0.01 Fig. 5B) com-
pared to those DC generated in the absence of stromal CM, a
response consistently observed among cells from all 3 donors
studied. However, a time kinetics experiment of IL-10 produc-
tion revealed that without LPS stimulation IL-10 production was
low in both groups irrespective of their conditioned media treat-
ment status and, that sDC actually produced less IL-10 than nor-
mal DCs on day 3 of the 4-day observation (Fig. 5C).

To evaluate the T-cell stimulatory functions of sDC, we first
performed an allogeneic T-cell stimulation in a mixed lympho-
cyte reaction (MLR) experiment. After 3 d, T-cell proliferation
was significantly lower in cultures stimulated by sDC when com-
pared to normal DCs (Fig. 5D). To determine if sDC were in
fact inhibitory toward T cells, T-cell proliferation was induced
by T cell receptor cross-linking using anti-CD3-CD28 anti-
body-coated beads in the presence of autologous sDC. T-cell
proliferation was significantly inhibited by sDC at 1:20 and 1:10
DC:T cell ratios (Fig. 5E). In order to determine the antigen
processing and presentation capability of sDC, these cells were
employed to crosspresent a complex tumor antigen (5T4-oncofe-
tal antigen®') to 5T4-specific CD8" T cells. IFNy production
by T cells was significantly lower after stimulation with sDC, in
comparison to normal DCs, both loaded with the 5T4 protein
(p < 0.01; Fig. 5F). In order to prove that the lack of antigen
cross-presentation was not due to impaired antigen uptake, the
phagocytic ability of DCs was studied via the uptake of
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carboxyfluorescein succinimidyl ester (CFSE)-labeled, irradiated
DU145 PCa cells (Fig. 5Gi). The percentage of phagocytic,
HLA-DR™ cells was significantly elevated in sDC in comparison
to the control (p < 0 .01; Fig. 5Gii) indicating that it is antigen
processing and not antigen uptake by DCs that is affected by
stromal factors.

PCaSt-CM activates the STAT3 pathway in monocytes

The cytokines produced preferentially by PCaSt, especially IL-
6 (Fig. 2B), point toward a likely stimulation of the STAT3
pathway in sDC. To determine the activation status of STAT3
by stromal cytokines, monocytes were treated with 50% PCaSt-
CM plus GM-CSF/IL-4 and STAT3 phosphorylation of the
tyrosine (Y705) and serine (§727) residues was analyzed 10 min
later. Phosphorylation of both residues was observed (Fig. 6Ai,
Bi) and they were highest at 5-10 min but still detectable
60 min after treatment, especially at the S727 residue (Fig. 6Aii,
Bii). To establish if blocking STAT3 phosphorylation would pre-
vent the development of the sDC phenotype described earlier, a
STATS3 inhibitor (Cpd188) was added (0.5-10 wM) to mono-
cytes for 1 h prior to treatment with PCaSt-CM and GM-CSF/
IL-4. Day 5 DC generated in the presence of 50% PCaSt-CM
and 5 and 10 puM of the STAT3 inhibitor were phenotypically
comparable to DC generated in the absence of PCaSt-CM
(Fig. 6Ci), as CD14 expression was significantly downregulated
on these cells (Fig. 6Cii).

PD-L1 upregulation is prevented by STAT3 inhibition

During the course of these studies, we observed that in addi-
tion to attenuating the development of stroma-induced CD147"
DC (Fig. 6Cii), STAT3 blockade also significantly inhibited
PD-L1 upregulation on sDC (Fig. 6Di) in 2 out of 3 donors
(Fig. 6Dii). In order to identify individual cytokines in PCaSt-
CM, responsible for observed PD-L1 upregulation, we studied
the effect of IL-6 and IL-10 blocking antibodies on PD-L1
expression levels on sDC. IL-6 blocking antibody, applied
together with 50% PCaSt-CM, partially inhibited PD-L1 upre-
gulation (Fig. 6E). Although IL-10 has been implicated in PD-
L1 upregulation,”* we did not detect significant IL-10 levels in
the PCaSt-CM via cytokine array analysis (data not shown) or in
the supernatant of sDC developing in the presence of 50%
PCaSt-CM (Fig. 5C). Indeed, IL-10 neutralizing antibody had a
much smaller inhibitory effect on stroma-mediated PD-L1 upre-
gulation than that observed with the IL-6 neutralizing antibody
(Fig. 6E). Furthermore, synergistic effect between IL-10 and IL-
6 blocking was not observed. The results suggest that stromal IL-
6 in PCa is a main driver of PD-L1 upregulation on myeloid
cells.

CD14"CD209"PD-L1" tumor-infiltrating leukocytes

In order to confirm the significance of our observations in
vivo, tumor biopsies were first tested for the presence of tumor-
infiltrating leukocytes (TIL). In malignant tissues, unlike in
tumor-free prostate tissue (Fig. 7Ai), areas of significant leukocyte
infiltration were observed (Fig. 7Aii). Next, TIL isolated from the
malignant biopsies were phenotyped by flow cytometry.
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Figure 5. Stromal-derived factors generate immunosuppressive dendritic cells. (A-B) To test the nature of DCs generated in the presence of PCaSt-CM,
DCs were stimulated with lipopolysaccharide (LPS) and IL-12 and IL-10 cytokine levels were measured. Supernatants of day 5 DC grown in the absence
(DCQ) or in the presence of 50% prostate cancer stroma conditioned media (PCaSt-CM) (sDC) from 3 healthy donors were tested for IL-12 (A) and IL-10 (B)
production 24 h after LPS stimulation. Bars represent the mean -+ SEM of the concentrations of cytokines. sDC were generated with 50% PCaSt-CM from
9 replicates (triplicates of 3 independent PCaSt-CM). (C) Time kinetics of IL-10 production by DC or sDC (as in B) without LPS treatment. Mean & SEM of
IL-10 concentrations from triplicate cultures are shown. (D) Mixed lymphocyte reaction to test the T-cell stimulatory functions of sDC. T cells were stimu-
lated with allogeneic DC or sDC derived from 3 healthy donors. Bars represent the mean + SEM of the relative T-cell proliferation, where proliferation
induced by DC represents 100%. sDC was generated with 50% PCaSt-CM from 6 replicates (duplicates of 3 independent PCaSt-CM). (E) T cell receptor
cross linking experiment to test the inhibitory functions of sDC. sDC inhibit T cell proliferation induced by CD3-CD28 antibody-coated beads at varying
ratios of sDCT cells (x-axis). Proliferating T cells were defined by their CFSE dilution; sDC were generated by using 3 different PCaSt-CM. Mean + SEM
from triplicate samples are shown. (F) Tumor antigen cross-presentation by DC and sDC to antigen-specific T-cells. Bars represent the mean + SEM of
IFN7y (pg/mL) produced by T-cells following stimulation with DC or sDC loaded with 5T4 antigen, from 6 replicates (triplicates of 2 independent PCaSt-
CM) after background IFNy production (T cells alone) has been subtracted. (G)(i) Representative dot plots of phagocytosis of carboxyfluorescein succini-
midyl ester (CFSE)-labeled irradiated DU145 cells by DC and sDC. Top row: cells before mixing: CFSE+HLA-DR- DU145 cells (first panel) or HLA-DR+CFSE-
DC (second panel) and sDC (third panel). Lower row: DU145 cells added to DC (left) or sDC (right). The numbers indicate the percentage of phagocytic
cells shown as double positive cells (upper right quadrants). (ii) Summary of phagocytosis from 3 healthy donors. Bars represent the mean + SEM of dou-
ble positive cells as shown in (i). sSDC were generated with 50% PCaSt-CM from 4 replicates (duplicates of 2 independent PCaSt-CM). DC results were cal-
culated from duplicates. Statistical analysis was performed by two-way ANOVA; ****p < 0.0001, ***p < 0.001, **p < 0.01,*p < 0.05 .
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Figure 6. STAT3 and IL-6 blocking prevents altered DC differentiation
caused by conditioned media from prostate cancer stroma. To determine
the role of IL-6 and STAT3 in mediating responses to prostate cancer
stroma conditioned media (PCaSt-CM), the phosphorylation status of
STAT3 (A-B) and the effects of blockade of STAT3 and IL-6 signaling (C-
E) were analyzed using monocytes treated with 50% PCaSt-CM plus GM-
CSF/IL-4 with or without inhibitor, as indicated. (A and B) STAT3 (signal
transducer and activator of transcription-3) phosphorylation (pSTAT3)
was measured by flow cytometry. (i) Representative histograms showing
PSTAT3 levels on the Y705 (A) or S727 residue (B). CD14+ cells were
treated with GMCSF/IL-4 and exposed to 0% (DC) or 50% (sDC) condi-
tioned medium from prostate cancer stromal cultures (PCaSt-CM) for
10 min. (ii) The mean + SEM percentages of pSTAT3+ monocytes as in
(i) after 0, 5, 10, 30 and 60 min (triplicates, SDC generated with 2 inde-
pendent stromal conditioned media). (C) GM-CSF/IL-4 treatment down-
regulates CD14 expression on sDC in the presence of STAT3 Inhibitor IX
Cpd188. (i) Representative dot plots without (left) and with (right) the
STAT3 inhibitor. (i) CD14 expression on day 3 DC (first bar) or sDC pre-
treated with the STAT3 inhibitor (0, 0.5,1, 5, 10 wM) (mean + SEM; tripli-
cates). (D) (i) Representative histogram; PD-L1 expression on day 5 DC or
sDC (see above) treated with the STAT3 inhibitor (5,.M Cpd188). (ii) Sum-
mary of the effect of the STAT3 inhibitor on PD-L1 expression. Bars repre-
sent the mean + SEM of PD-L1 expression on a single donor’s DC or sDC,

Phenotypic analysis of CD14™" cells among TIL as compared to
those present among healthy donor PBMC revealed significantly
higher levels of CD209 among tumor-associated CD14" lym-
phocytes (Fig. 7B). Furthermore, CD14% cells in TILs also
expressed elevated levels of PD-L1, which was not the case in nor-
mal or patient PBMC, the latter obtained from the some of the
same donors as the TIL (Fig. 7C). Furthermore, tumor-infiltrat-
ing T cells expressed elevated levels of PD-1 when compared to
those among patient or healthy donor PBMC (Fig. 7D), impli-
cating PD-L1" myeloid cells in the tumor microenvironment as
suppressors of infiltrating T cells.

Taken together, our results provide strong evidence that the
tumor stroma has a major influence on the behavior of myeloid
cells in PCa, including the previously undescribed effect of the
upregulation of PD-L1 by soluble stromal factors, with IL-6 a
key contributor to this immunosuppressive phenotype.

Discussion

The precise immunoregulatory role of tumor-associated
stroma, its influence on monocyte migration and myeloid cell-
mediated contribution of an immunosuppressive tumor microen-
vironment in early PCa has been obscure. Using high purity pri-
mary stromal cultures, we demonstrate here that PCaSt attract
monocytes via CCL2 secretion, and that stromal-derived factors
affect monocyte to DC differentiation. Stromal factors are capa-
ble of inducing an immunosuppressive phenotype in DCs, char-
acterized by the expression of CDI147/CD16"/CD68"/
CD124"/CD209" and also by elevated expression of PD-LI.
DC function is also affected by exposure to prostate cancer
stroma conditioned media, such that we observed enhanced IL-
10 production upon LPS stimulation, inhibition of T-cell
responses and suboptimal tumor antigen cross-presenting ability,
indicating complex immunosuppressive stromal activities in PCa.

Although the presence of CD68™ myeloid cells in the prostate
tumor microenvironment has been previously shown to correlate
with increased risk of recurrence,'® there is a paucity of detailed
studies delineating the role of these myeloid cells. Migration of
monocytes into tumor tissue is guided by tumor-derived soluble
factors, most notably CCL2.'»*> CCL2 can be produced by
many cell types including epithelial, fibroblastic, endothelial and
smooth muscle cells.”® Tts expression has been documented in
prostate, breast, ovarian and colorectal cancers.'*'??42¢ In carly
prostate cancers, we found that high levels of CCL2 were prefer-
entially produced by the stroma rather than epithelial cells, and,
this stcromal CCL2 was responsible for driving monocyte migra-

the latter treated with 50% PCaSt-CM from 3 different cultures (triplicates)
in the presence (gray) or absence (black) of STAT3 inhibitor as in (i). (E).
DC or sDC were cultured in the presence or absence of a-IL-6 and/or
a-IL10 blocking antibodies (1 or 5 wg/mL) alone or together, for 5 d PD-
L1 expression was assessed by flow cytometry. Mean + SEM from tripli-
cate samples are shown. Statistical analysis was performed by two-way
ANOVA; ns, not significant; ****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.05.
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the malignant tissue as a result of differ-
ential induction of adhesion molecules
or chemokine receptors by cells within
the tumor microenvironment.”® Ongo-
ing work in our laboratory is addressing
the in depth differences between tumor
vs. non-tumor prostate stroma. CCL2 is
also known to activate CD11b™ mono-
cytes and enhance their IL-6 expression.
IL-6 is among the inflammatory cyto-
kines secreted by infiltrating cells in the
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tumor microenvironment, thereby recip-
rocally increasing CCL2 expression levels
"k in the tissue. This can potentially result
in an amplification loop that enhances

monocyte infiltration, malignant cell
proliferation and tumor survival.*’ In
melanoma, TGFB, which we have
shown is also preferentially produced by
stroma (as compared to epithelial cells)
can also increase expression of CCL2
and IL-10, and enhance CCL2-depen-
dent infiltration of monocytes followed
by their differentiation into an immuno-

HD PCa TIL suppressive phenotype.”> Our results

provide evidence that tumor-associated

and the phenotype of cells analyzed by flow cytometry. Mean + SEM of %

*p < 0.05 .

Figure 7. PD-L1 and CD209 expression on CD14" cells in prostate tumor tissue. Primary prostate | stroma and not epithelia, in early PCa,
cancer (PCa) tumor specimens were histologically examined (A) and isolated TILs from the malig- has a dominant role in myeloid cell
nant biopsies were phenotyped by immunostaining (B-D). (A) Tissue sections (4 wm) were stained
with haematoxylin and eosin. Highly dense areas of infiltrating leukocytes present in the tumor
(asterisks) (ii) but not in the normal tissue (i) (B-D) Fresh prostate biopsy tissue was homogenized

migration into the tumor microenviron-
ment, which may represent an early
positive cells from 3-7 | Mmicroenvironmental event leading to

different samples are shown. (B) The presence of CD147CD209" cells within tumor infiltrating leu- immunosuppression.

kocytes (TIL) (n = 3) and healthy donor blood (HD) (n = 6). (C) Programmed cell death ligand-1 GM-CSF and IL-4-induced mono-
(PD-L1) expression on CD14* cells from samples as in (B) and from PCa patient blood (PCa) (n = 7).
(D) Programmed cell death-1 (PD-1) expression on CD3™ T cells from samples as in (C). Statistical
analysis was performed by unpaired Student's t-test; ****p < 0.0001, ***p < 0.001, **p < 0.01,

cyte differentiation to DC is skewed in
the presence of PCaSt-CM and can be
characterized by the failure of these

tion. CCL2 expression has been reported in PCaSt'>14 although

a recent study suggested that rather than CCL2, SDF-1la pro-
duced by tumor-associated fibroblasts is the driving force behind
stromal-mediated monocyte migration.”” However, in our study,
little SDF-1 protein was detected in either PCaEp or PCaSt cul-
tures. Blocking of CCL2 in PCaSt-CM, demonstrated a signifi-
cant decrease in monocyte migration confirming the crucial role
of CCL2. It is noteworthy that some CCL2 production by
PCaEp was also detected, but it was significantly lower than the
levels produced by PCaSt cells and migration of monocytes was
not observed toward PCaEp-CM. CCL2 production was also
observed by stromal cells that derived from the non-diseased
areas of the prostate biopsy. Interestingly however, this did not
seem to correlate with the differences in the frequencies of mye-
loid cells present in the diseased vs. normal areas of the prostate.
We can only speculate that myeloid cells are retained better by

cells to downregulate CD14 and by
expressing the markers CD68/CD16/
CD124/CD209, as well as the hallmark
immune checkpoint regulatory protein,
PD-L1. Among the soluble factors that we found present in
the media of cultured stromal cells, IL-6 has been documented
in many malignancies, including prostate, breast and colorectal
cancers, and is often associated with poor prognosis.”’>* TL-6
expression in PCa has been attributed to both stromal and
tumor cells®® and the influences of various tumor-derived fac-
tors, such as IL-6 and IL-10, on DC differentiation from mye-
loid cells have been previously studied.***” Furthermore,
tumor-derived soluble factors have also been shown to affect
DC function,”®?® Fibroblast-derived IL-6 has also previously
been shown to effect the differentiation of monocytes into
macrophages (rather than DCs). 4041
ments clearly demonstrate that in early PCa, IL-6 expression is
higher in PCaSt than PCaEp, indicating that stromal cells are
the dominant cell type to influence myeloid cell differentia-

However, our experi-

tion. Furthermore, tumor-derived soluble factors exhibited a
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significantly greater effect on the development of immunosup-
pressive DCs than factors derived from normal stroma, sug-
gesting an altered milieu arising from reactive stroma.
Activated STAT3, a known mediator of tumor-associated
inhibition of DC differentiation and function,*>%3
cial in our experiments such that inhibition of STAT3 restored

seemed cru-

CD14 downregulation during DC differentiation in the presence
of PCaSt-CM. CD14™" DC, generated by relatively high concen-
trations of IL-10 (40 ng/mL) in vitro, have been shown to express
clevated levels of PD-L1.* However, in our experiments, <10
pg/mL IL-10 was detected in stroma CM and IL-10 was not
induced by CM treatment above that induced by GM-CSF/IL-4,
indicating that stromal factors other than IL-10 may contribute
to PD-L1 upregulation on sDC. In hepatocellular carcinoma,
autocrine IL-10 and tumor necrosis factor a (TNFa) induced by
the tumor cell line supernatants have been shown to induce the
expression of PD-L1 on monocytes.*> We also demonstrate that
blocking CM-induced STAT3 activation significantly inhibits
the upregulation of PD-L1 on DCs. STAT3-dependent PD-L1
upregulation has been observed on liver plasmacytoid DCs*® and
on tolerogenic DCs, induced by early exposure to Toll-like recep-
tor agonists.”” To our knowledge, similar STAT3-dependent
modulation of PD-L1 on DCs in response to tumor-stroma
derived soluble factors has not been described before. We
highlighted IL-6 as a significant contributor toward PD-L1 upre-
gulation, although contribution by other factors has not yet been
excluded. While neither TGFB nor HGF alone did not appear to
effect PD-L1 upregulation (data not shown), it is likely that the
effect is due to a combination of several cytokines, the subject of
ongoing studies.

Interaction between the receptor PD-1, expressed on T cells -
especially in the tumor tissue, and its activating ligand PD-L1,
exerts major effects on cytokine production by T cells and can
also inhibit T-cell proliferation.”® Tumors can evade immune
eradication by exploiting the peripheral tolerance maintained
through the binding of PD-1 and PD-L1.%® Clinical trials target-
ing PD-1/PD-L1 (Nivolumab) are currently under way.***° Our
results highlight that PCaSt not only inhibits normal DC differ-
entiation but may also regulate T-cell activity through PD-1/PD-
L1. These observations support that Nivolumab may be advanta-
geous in prostate cancer by preventing/removing microenviron-
mental immunosuppression.

In summary, our work demonstrates that in early PCa, stro-
mal-derived factors alone are able to attract monocytes to the
tumor microenvironment. In the presence of these stromal fac-
tors, monocytes are unable to differentiate into conventional
DCs. The DCs arising from stromal regulation have an immuno-
suppressive phenotype, including increased expression of PD-L1.
Thus, to our knowledge we convincingly show for the first time
that primary tumor-associated stroma primarily exerts a negative
influence on PCa disease progression by eliciting myeloid cell
migration and altering their differentiation into fully functional
DCs. These findings provide rationale for targeting tumor-associ-
ated stromal cells, which represent a potent immunosuppressive
barrier to anticancer immunity, in order to facilitate the efficacy
of cancer immunotherapies.
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Materials and Methods

Tissue collection, isolation and expansion of primary
prostate cells

Fresh PCa tissue was obtained from patients undergoing radi-
cal retropubic prostatectomy through the Wales Cancer Bank.
Samples were obtained under informed consent and with ethical
approval according to the Helsinki Declaration and institutional
standards. Patients were histologically graded as having either
Gleason 6 or 7 PCa by a certified histopathologist. Biopsies were
taken from normal and diseased areas of the prostate by a pathol-
ogist and biopsy cores were subjected to mechanical homogeniza-
tion followed by 200 U/mL collagenase-I digestion for 15-20h
at 37°C. Primary PCaSt cultures were established and grown in
Stromal Cell Basal Medium (SCBM) containing recombinant
human fibroblast growth factor-B, insulin, fetal bovine serum
(FBS) and GA-1000 (Lonza). Primary PCaEp cultures were
established and grown in Keratinocyte Serum-Free Medium (K-
SEM) containing recombinant epidermal growth factor 1-53
and bovine pituitary extract (Invitrogen). Conditioned media
(CM) was generated by collecting the supernatants from PCaEp
or PCaSt cultures 48 h after seeding at 1x 10° cells/mL (referred
to as PCaEp-CM and PCaSt-CM, respectively).

Cell lines

PCa cell lines (LNCaP and DU145) and HFF were purchased
from the American Type Culture Collection. PCa cell lines were
cultured in RPMI-1640 while HFFs in DMEM. Both media
were supplemented with 10% FBS, 2 mM L-glutamine, 100 U/
mL penicillin, 100 pg/mL streptomycin, 25 mM HEPES,
1 mM sodium-pyruvate. All cell lines were mycoplasma-free and
were tested monthly.

Monocyte-derived dendritic cell culture

Venous blood was collected from healthy donors under
informed consent and with ethical approval. PBMCs were sepa-
rated by Histopaque (Sigma-Aldrich) density gradient centrifuga-
tion. Monocytes were separated either as untouched cells using
the EasySep® Human Monocyte Enrichment kit without CD16
depletion (StemCell Technologies), in which case average purity
of CD14™ cells was approximately 82%, or by plastic adherence,
with a purity of approximately 70-80%. Monocytes were cul-
tured in SCBM containing 50 ng/mL recombinant human GM-
CSF and 500 U/mL recombinant human IL-4. For soluble factor
experiments, SCBM+50% PCaSt-CM or PCaEp-CM was
added with GM-CSF/IL-4 as above. After 5 days, DC develop-
ment was determined, based on downregulation of CD14 and
upregulation of CD209 expression, by flow cytometry. Flow
cytometry work was carried out on a FACSCanto or a FACS-
Verse flow cytometer (BD Biosciences) and the results were ana-
lyzed using FACSDiva (BD Biosciences) or FlowJo (TreeStar)
software.

Immunofluorescence and immunocytochemistry
Indirect immunofluorescence was performed using antibodies

for epithelial markers, CK5, CK8, CK14, CK18 and stromal
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markers, a-SMA, vimentin and desmin (all from Santa Cruz Bio-
technology). PCaEp and PCaSt were cultured untl ~80% con-
fluent. Prior to antibody staining, cells were fixed with ice-cold
acetone:methanol (1:1) and blocked in 2% bovine serum albu-
min/7%Glycerol/PBS. Visualization of the cells was performed
using a secondary goat anti-mouse Alexa488-conjugated anti-
body (Invitrogen). Samples were counterstained with 4’,6-diami-
dino-2-phenylindole (DAPI) and visualized using an Axiovert-40
fluorescence microscope (Zeiss). To quantify expression levels,
cells were labeled with the same primary antibody but the sec-
ondary antibody was substituted for a goat anti-mouse biotin-
conjugated antibody and streptavidin-conjugated europium.
Bound europium was measured by time-resolved fluorescence on
a Wallac Victor2 1420 plate reader (Perkin Elmer).

Paraffin embedded tissue staining

Formalin fixed paraffin embedded (FFPE) tissue sections were
obtained from the same PCa patients as fresh tissue. Sections (4
pm) were dewaxed in xylene and rehydrated in 100% ethanol
prior to staining with haematoxylin and eosin (H&E). Sections
were mounted with DPX mounting solution and visualized on a
Mirax scanner using the Pannoramic Viewing software (both
3D-Histech).

Cytokine array

To determine the secreted cytokine profiles, PCaEp-CM and
PCaSt-CM were analyzed using the Proteome Profiler Human
Cytokine Array Panel A kit (R&D Systems) according to the
manufacturer’s protocol.

Enzyme-linked immunosorbent assay

Quantitation of IFNvy, IL-12 and IL-10 was performed using
Standard ELISA Development Kits (PeproTech) while measure-
ments of TGFB, HGF, VEGF and SDF-1 levels were performed
using DuoSet ELISAs (R&D Systems). The detection step was
performed using a europium-based detection method. After incu-
bating with the biotinylated detection antibody, and followed by
washing, 1 pg/mL europium-labeled streptavidin-conjugate
(Perkin Elmer), diluted in DELFIA Assay Buffer, was added to
each well and incubated at room temperature for 45 min. Fol-
lowing washing, 100 wL. DELFIA Enhancement Solution (Per-
kin Elmer) was added to each well and incubated for 5 min at
room temperature. Bound europium was measured as above.

Migration assays

Migration of monocytes was performed using 5 pm-pore size
MilliCell Cell Culture Inserts (Millipore). MilliCell inserts con-
taining 1x10° monocytes in 100 L were placed into a 24-well
plate containing 600 pwL of either media alone or 10-50%
PCaEp-CM or PCaSt-CM per well. Cells were left to migrate for
4 h prior to counting using the Millipore Guava® EasyCyte TM$
flow cytometer. CCL2 inhibition was performed by addition of
2 pg/mL neutralizing antibody (R&D Systems) to PCaSt-CM
for 30 min prior to performing a migration assay. Recombinant
human (rth) CCL2 was used at a range of 0.001-0.1 ng/mL to
induce migration.
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Flow cytometry

Cells were surface-labeled with fluorochrome-conjugated anti-
bodies specific for CD3, CD14, CD15, CD16, CD11b, CDlIc,
CDl1c, CD68, CD209, HLA-DR, PD-1 and PD-L1 (eBio-
science). STAT3 phosphorylation was analyzed using fluoro-
chrome-conjugated PhosFlow antibodies specific for STAT3
(pS727 and pY705) or isotype (BD Biosciences), following fixa-
tion and permeabilisation using 2% paraformaldehyde and 80%
ice-cold methanol.

Mixed lymphocyte reaction (MLR)

DCs (10* cells/well) were cultured with allogeneic non-adher-
ent PBMC (10° cells/well) in 96 well U-bottomed trays. [°H]-
Thymidine (GE Healthcare, Waukesha, W1I) incorporation was
measured after 3 days, with 0.5 p.Ci [’H]-Thymidine/well added
for the final 14 h of culture. Cells were harvested onto filtermats
and counted in a Wallac 1450 MicroBeta- TriLux plate reader
(PerkinElmer).

T-cell stimulation assay

DCs were cultured with CFSE-labeled autologous T cells at
ratios of 1:50, 1:20 and 1:10. T-cell proliferation was induced by
TCR cross-linking in cultures of 1x 10° cells per well in 96-well
U-bottom trays using CD3-CD28 antibody-coated beads
(Dynal; Life Technologies) at a bead-to-cell ratio of 1:1 per well.
Proliferation by CFSE dilution was measured by flow cytometry.

Antigen cross-presentation assay

DCs were incubated with 10 pwg/mL 5T4 recombinant pro-
tein overnight. A CD8" T-cell line specific for a 5T4 peptide
(RLARLALVL) was generated from a healthy HLA-A2" donor
as described.”” T cells were added to antigen-pulsed DCs at a
10:1 ratio and incubated for 24 h. IFNvy production was mea-
sured using ELISA, as described above. The negative control con-
sisted of antigen-unpulsed DCs cultured with 5T4-specific T

cells.

Phagocytosis assay

DCs (5x10% were incubated in 96-well culture trays with
CFSE-labeled irradiated (30 Gy; '*'Cs-Source at 0.627 Gy/min)
DU145 cells overnight at a 1:1 ratio. Cells were labeled with an
allophycocyanin  (APC)-conjugated HLA-DR antibody and
phagocytosis was measured by calculating the percentage of dou-
ble-positive cells by flow cytometry.

STAT3, IL-6 and IL-10 inhibition

Monocytes were cultured for 3 d in SCBM+50% PCaSt-CM,
containing 50 ng/mL GM-CSF and 500 U/mL IL-4, and in the
presence of varying concentrations (0.5-10 pM) of STAT3
Inhibitor IX Cpd188 (Millipore), dissolved in dimethyl sulfoxide
(DMSO).”* CD14, CD209 and PD-L1 expression was measured
by flow cytometry. IL-6 and IL-10 neutralizing antibodies and
isotype controls were obtained from eBioscience. Monocytes
were cultured as above for 5 d in the presence or absence of 1 or
5 pg/mL of the neutralizing antibodies, as indicated, for 5 d
when phenotyping was carried out.
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Statistical analysis

Unless otherwise indicated, statistical analysis was performed

by two-way ANOVA.
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